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Preface

This thesis investigates the development of preliminary designs for
parameter-adaptive longitudinal flight control Jlaws for possible
application in model-following variable stability systems for in-flight
simulations. The control law theorethical background is based on
techniques developed by Professor Brian Porter from the University of
Salford, England, while the recursive identification theory is based on

techniques develped by Tore Hagglung from the Lund Institute of

Technology in Sweden.

I wish to thank the personnel of the Variable stability In-flight
Simulator Test Aircraft Program Office of the Flight Dynamics Laboratory
for sponsoring this effort. I would 1ike also to thank Capt. Joe
Anderson and Mr. Fred Unfried from the Control Synthesis Branch in the
F1ight Dynamics Laboratory for their assistance in obtaining modeling

data for the AFTI/F-16 aircraft which is used in this investigation.

My special thanks are extended to my thesis advisor LT. Col. Daniel
J. Biezad, commitee members Professor John J. D'azzo and LT. Col
Zdzislaw H. Lewantowicz from the AFIT faculty, Prof. Brian Porter from
the University of Salford, England, and Capt. Robert Eslinger from the
Control Systems Development Branch in the Flight Dynamics Laboratory,

for their invaluable assistance and guidance during this study.
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Abtract

In-f1ight simulations are normally accomplished by using
mcdel-following control laws which depend on accurate knowledge of the
stability derivatives of the host aircraft. Degraded simulation
performance may result if the stability derivatives deviate considerably
from their presumed values. Gain scheduling 1is often empioyed to
compensate for plant parameter variations, but this form of open-loop
compensation usually requires extensive flight testing for proper fine
tuning. This thesis implements an adaptive, fast-sampling control law
to compensate for changing aircraft parameters. The step-response
matrix which is required for this dimplementation s identified
recursively using a recently developed technique which does not require
special "test" signals and which automatically discounts old data
depending on the input excitation detected. Tracking fidelity is
maintained despite parameter changes which occur either abruptly or
slowly. Simulations are conducted, using a model of the AFTI/F-16
aircraft and the control design package MATRIXy, to test the resulting
adaptive system. Actuator position and rate 1imits are discussed. The
performance of the resulting system is excellent and demonstrates the
relative advantages of adaptive controllers for in-flight simulation.
Recommendations are made for future analysis including the use of

moving-bank estimators.
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PARAMETER-ADAPTIVE MODEL-FOLLOWING FOR IN-FLIGHT SIMULATION
X
%
-
: I. Introduction
J 1.1 Background
o
v Flight simulation plays an essential role in the development of
A modern day aircraft as well as pilot training. It can be conducted in a
’,
i; ground based simulator, or in actual flight, with a special class of ,
. (
33 aircraft called in-flignt simulators. An in-flight simulator is an
®

aircraft whose stability, feel, and flying characteristics can be

.

changed to match those of another aircraft. This 1is accomplished by

.

< interfacing the pilot to the aircraft by means of a "fly-by-wire"
variable stability flight control system and a programmable artificial

feel system. As the pilot moves the controls, the aircraft responds as

the simulated vehicle would. The pilot experiences the real flight y

- motions and handling qualities of the simulated aircraft (29:38).

;2_ In-flight simulators are essential tools in the research and development

fi process that provide the capability to realistically and safely evaluate :
N new or modified aircraft and weapon systems before first-flight and .
2& before committing to production (9). They have been used in the

_ﬁj development of the F-16, YF-17, f-18, A-10, B-1, and Space Shuttle.

L Other uses 1invole many types of generic research, especially handling

o

52- qualities, and for several types of specialized training, particularly

.

-’%.

oy at the Air Force and Navy Test Pilot Schools (29:38).
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An NT-33A in-flight simulator (Figure 1-1), owned by the Flight
Cynamics Laboratory at Wright-Patterson AFB and operated under contract
by the CALSPAN corporation, has served effectively as a research tool
for over 28 years. As new aircraft concepts become more complex, the
limitation of the NT-33A to provide an in-flight simulation capability
have become apparent. The NT-33A is becoming deficient in three areas:
basic performance 1limitations, variable stability system 1limitations,

and logistic supportability (8).

- - x;.&

Figure 1-1, NT-33 In-Flight Simulator

A new in-flight simulator, which is based on present-day technology,
will eliminate the mentioned areas of deficiency, and inherently
accommodate the requirements of the foreseeable future. This advanced

in-flight simulator, <called VISTA (Variable stability In-flight
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Simulator Test Aircraft), will meet future research needs by providing
upgraded simulation capabilities (Figure 1-2). This will be
accomplished by modifying a modern, high performance fighter aircraft

with variable stability controls and a reprogrammable cockpit (Figure

1-3).

1.2 Problem Description

The dominant performance features of the VISTA/F-16 are 1likely
to be a wide range of operating conditions in an expanded flight
envelope (Figure 1-4), and large amplitude maneuvering (8,42). Both of
these situations produce large variations in the stability derivatives
of the host aircraft. This wvariation of parameters, coupled with
initial uncertainty on their exact values, may adversely affect the
fidelity of in-flight simulations (given a fixed parameter control law).
The fidelity of an in-flight simulation is highly dependent on the
ability of the variable stability system to either complement the
natural stability derivatives of the host aircraft until they match
those of the simulated vehicle (response feechack mode), or to establish
a unity transfer function between the responses of a computer model of
the simulated vehicle and the responses of the host aircraft
(model-following mode) (39). In both cases it is necessary to have
detailed knowledge of the host aircraft stability derivatives to perform
a satisfactory simulation (39,42). Although gain scheduling is often
used to alleviate plant parameter variation problems, this can at best

be considered open-Joop compensation which may require extensive flight

testing for proper fine tuning.
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~ 1.3 Approach :

:E ;i:' Adaptive control 1is a promising approach to deal with the :

2 problem of maintaining a specified level of tracking performance, and 3
éz therefore simulation fidelity, throughout the operating envelope. The E'
‘S primary reason for considering the use of an adaptive controller for the ﬂ

' VISTA/F-16 s the wide range of dynamic characteristics assumed as the .,
E; operating point changes. Rather than designing off-1ine, fixed point ?i

{f control strategies, i.e. control strategies designed for a specific
;; operating condition, and attempting to chose the appropriate strategy to
§§ meet the current conditions, the basic idea is to perform on-line system ;’
?- identification and control design simultaneously. As the operating by

g% conditions change, so does the system being identified, and appropriate

,?; changes are made to the control law. Thus, the control system is ;

Z;i . adapting to the changing environment. The identification subsystem uses R
.f ¢ the inputs and outputs of the plant in order to identify an equivalent -

input-output model for the aircraft dynamics. The identified parameters

& are then used to calculate a set of time-varying controller gains, which ?

1; in turn are used to compute the current control inputs to the plant. -

-E; The structure of such a system is shown in Figure 1-5. 13

-E; Much effort has been devoted recently to the investigation of ;

-l adaptive control laws based on the application of recursive parameter ”

identification algorithms. Positive results have been reported in the

literature on the use of such adaptive control schemes for aerospace

O

applications (20,41,48). New theoretical developments in the area of
parameter identification (19), and advances in microprocessor technology

(1,12,26,47), make the alternative of parameter-adaptive control
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Figure 1-5. Parameter-adaptive control system. Ym,
model motions; V noise signals.
increasingly viable.
1.4 Problem Statement
The purpose of this thesis 1is to test the effectiveness of
digital parameter-adaptive control laws in maintaining tracking
performance for an in-flight simulator, cespite plant parameter changes.
The wuse of parameter-adaptive control laws will alleviate the Et
o
requirement for accurate knowledge of the stability derivatives of the {;j
Ry
host aircraft and offer the potential of increased fidelity for
.
A
in-flight simulations. The design techniques of Professor Brian Porter ;tj
A
(31-38), are wused to develop 1longitudinal control Jaws for a j:j
-"'l
model-following application. These new techniques use on-line, .
A
recursive, step-response matrix identifiers to update the control law 7
u-"_i
gains as needed to account for plant parameter variations. A parameter ;fj
-_‘..u
identification algorithm recently developed by T. Hagglund (19) fis )
- L
Y
8 o
B
N
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chosen for this implementation. This algorithm allows for
identification during general aircraft maneuvering by updating the

parameter estimates only when adequate input-output activity is present.

1.5 Scope

Because of budgetary constraints, the initial VISTA will be
developed without side-force surfaces and wingtip speed brakes, in a
configuration such as the one depicted in Figure 1-6. Since aerodynamic
data 1is not yet available for the VISTA/F-16, and because of the
similarity between its proposed physical configuration and that of the
Advanced Technology Integration F-16 (AFTI/F-16, Figure 1-7), this
thesis adresses the development of adaptive multivariable tracker
control laws using the AFTI/F-16 as the host aircraft. The
investigation is 1imited to the 1linearized, longitudinal, rigid body
dynamics of the AFTI/F-16 using perturbation equations of motion at a

nominal flight condition of Mach 0.9 at 10,000 ft MSL.

This thesis accomplishes the following objectives:

1. Successful control of the linear aircraft model including
actuator dynamics with position and rate 1imits.

2. Determines the feasibility of wusing fast-sampling
multivariable tracker control laws in a model-following
configuration for in-flight simulation.

3. Successful implementation of state-of-the-art recursive

identification algorithm for on-line tunning of control law

gains.
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4, Assesses the improvement 1in tracking performance and
simulation fidelity by using an adaptive system.
5. Studies closed-lcop system performance under simulated

output measurement noise conditions

1.6 Overview

The material in this thesis consists of a brief summary of
current model-following technigues presented 1in Chapter II. This
chapter also provides a description of the multivariable design theory
developed by Professor Brian Porter of the University of Saiford,
England, presented here as an alternate approach to the model-following
problem. Chapter III then discusses the recursive technique used to
identify the step-response matrix elements required by the control law.
Chapter IV presents details of the design procedure used in the
development of the control law and recursive identification algorithm,
as well as a description of the simulation setup in which the parameter
identifier is coupled with the control law to form an adaptive system.
The capability of the model-following system to adjust itself to
changing conditions is analyzed through the use of the MATRIXy software
package (23). Chapter V presents simulation results and compares the
performance of the adaptive controller to that of a fixed gain system.
Finally, a summary of the simulation results, as well as conclusions and
recommendations for further studies are presented in Chapter VI. Four
appendices are included as supplementary material to the body of the
thesis. Appendix A provides data for the state space and difference
equation models representing the equations of motion of the AFTI/F-16

aircraft. Appendix B details the equivalence between the step-response
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< matrix and the matrix coefficient B;j of the vector difference equation
NN . -
o describing the input-output dynamics of the plant. Appendix C covers
- implementation details of the vrecursive parameter identification
:ﬂ algorithm, and Appendix D presents the results of a root-locus analysis
Y
" and some of the time responses used for assesing the implications of
- functional uncontrollability on the closed-loop system.
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II. Control Law Development

2.1 Introduction (39:21-22)

The concept of using a stability augmentation system to modify
the dynamic characteristics of an airplane is not a new one. The same
concept can be used to adjust the terms in the eguations of motion of
the variable stability airplane to match the corresponding terms in the
equations of motion of the simulated airplane. This technique is known
as the '"response feedback" approach to in-flight simulation. A response
feedback variable stability system can be described as a generalized
stability augmentation system which has wide ranges of adjustment so
that large variations 1in airplane response characteristics can be
produced (Figure 2-1). A response feedback system operates by adding to
or substracting from the airplane's natural stability and control
characteristics. Thus it is necessary to know accurately the stability
and control characteristics of the host airplane at all flight
conditions of fdnterest. Also, it is difficult to calculate exactly in
advance the variable stability system gain settings which will
simultaneously produce correct values of the many parameters which
define the aircraft dynamics. Thus in-flight calibration of the
configurations that are to be evaluated is generaly necessary for
fine-tuning of the system in order to match the motions of the simulated
aircraft.

A different approach to in-flight simulation wuses the idea of

"model-following”. In this type of system, the signals coming from the

14

oL .r_.-x.r*.r\.-'_‘..'\v AT AT AT AT AT AR A
Y . Ny s ) = 4 -

.........
........

o

l'.- ';..."x

T
A

v

- R
..'.( S

.y
P
oh
R
"

N
.

T

RN,
2o

P

LA

.....-{
NN

»
-

] -
Rl
ool el

SR
LIRS IO
t_a

‘O

L]

P f.‘_r £ 0, e -. ‘v'c - -
e s

2

S



TS

1doouo) Mouqpooyg asuodsdy T {-7 2A0dI

T A R I A A A i il -

S)UL GO )
WOSAS Jou0D
19POW

!
1
’
I

Xy suien
HOEQPa9

uonesuadwon
wo)sAg |0JjU0D WasAg 1994

ueid
< 91-4/ VISIA A
salels [@POW

suleo)

VLSIA pieMIOjpea 4

nesony pajuswbneun paienwig

I T T . T I . IR

4
[
|
1
[
1

[BpOY PaIRINWIS

PR AT AT AT & RN - SRR St 2L ST R
ARSI o o4 R
A S : 5 _fx...u.r N A




Pt Iy LA R

evaluation pilot's cockpit are fed as inputs to a computer which has in

it the equations of motion of the airplane to be simulated. The output
of this computer is a set of time histories describing the motion of the
simulated airplane to the inputs applied by the pilot. The task of the
variable stability system then is to automaticaly operate the control
surfaces of the host airplane in such a way that its motions (at the
pilot's station) duplicate those of the modeled airplane. The
model-following concept is  illustrated in Figure 2-2. The
model-follwing approach permits the computer that defines the simulated
aircraft to be set up and checked out on the ground prior to flight.
Although Tess sensitive to host airplane parameter variations than the
response feedback technique, the model following approach still reguires
an accurate knowlwdge of the host airplane's stability derivatives for

good model-following performance as is shown next.

ro
~No

Summary of current mcdel-following techniques (39:21-28)

Under the assumptions presented in Etkin (15:121-189) the host
vehicle dynamics at a particular flight condition can be represented by

a Yinear matrix differential ezuation of the form
)'(p(t) = Ap Xp(t) + Bp Up(t) (2-1)

and the dynamics of the simulated vehicle by the 1linear matrix

differential equation

Xn(t) = Ap Xp(t) + By up(t) (2-2)

where Ap, Ams Bp, By are matrices of stability derivatives, Xp and Xy

16
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[
] are the states, up and up are control surface deflections and the
o subscripts p and m denote the plant (host) and model airplane
)
respectively. Assuming that the simulation is started with the host and
the simulated aircraft at the same initial conditions, a control law for :
exact model-following can then be obtained by simply substituting the .

A M

e~ w

state, and rate of change of the state, of the model into Egn (2-1) and

solving for the control input up(t):

7

wl’ ' .,'-

AN

v Y

Xn(£) = Ap Xm(t) + By up(t) (2-3) <
or
up(t) = Bpl Xn(t) - Byl Ay Xp(t) (2-4) -
up(t) = Ky Xp(t) - Ko Xp(t) (2-5) NG
¥ ;

Equations (2-4) and (2-5) define the control inputs to the host aircraft '
in terms of the model states and rate of change of those states. Both
of them are available from the equations of motion of the simulated A

vehicle that are contained in the variable stability system's simulation

computer (Figure 2-3).

Pt . MO

INPUTS | MODEL \*”“Jl L= [ HOST Xp(t) :
— -\ AIRCRAFT | p(t) '—— - —
) DVNAMLES s____>‘ . \ ) Q->l AIRCRAFT =)

Figure 2-3. Explicit Model Following System
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Equation (2-4) also demonstrates the requirement for accurate knowledge
of the stability derivatives of the host aircraft.

To reduce the sensitivity of this control scheme to plant parameter
variations, a feedback loop is introduced around the plant with a gain

matrix Kp (Figure 2-4).

MODEL ;
HOST
AIRCRAFT —
DYNAMICS AIRCRAFT

Figure 2-4. Improved Explicit Model Following System

The feedforward gains are now determined as follows:

Ky = 851 {2-6)
The feedback around the plant is arbitrary, subject to the reguirement
that the regulator loop must be stable. It can be shown that by

selecting Ky as in Egn (2-7), the dynamics of the tracking error

become
e(t) = (Ap ~ By Kp) e(t) (2-8a)

Re e(t) (2-8b)

N A AT A N A e T

Py
NS ANY

5 Ty
A

N
SACA A

NCY
e

r
.

LA oV o8 Aad
"" ..

R ol ol I 4
.

oy
"8s,

T




as & & &

2y

Yyl

xrar

/ PPl

y
e
v »

Ty TV
At A ANl e,

.................

If Ae is stable, the error is driven to zero. By selecting large
values for the gains in the matrix Kp the regulator Tloop becomes
increasingly tight, making the system less dependent on the gain matrix
Ki and reducing its sensitivity to plant parameter variations. This
reduces the requirement for accurate knowledge of the plant's stability
derijvatives. In practice, concerns for closed-loop stability, sensor
noise, structural 1limitations, etc. determine how high the feedback
gains can be, thus restricting the amount of desensitization (to plant
parameter variations) that can be provided.

The feedback gains can be selected based on the maximum gain
available that will not significantly compromise closed-Toop stability
or result in undesirable control surface rates of motion which could
place excessive demands on the hydraulic system used to actuate the
control surfaces of the plant. Usually they are designed as constants
to reduce system complexity, however, it important to note that the

effect on the output of the control surfaces is a function of dynamic
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pressure since the actual control effectiveness of the surface is also a E"%
function of dynamic pressure. Thus the aerodynamic gain will vary with j;
fiight condition. This increases the actual feedback gain as dynamic ;?
pressure increases and could result in closed-loop instabilities. This ;é
condition can be minimized if the feedback gains are selected at the -
highest dynamic pressure to be encountered in the simulation, although ;ﬂ
this may compromise performance at fliight conditions characterized by 'ij
low dynamic pressure. An alternate solution is simply to use gain _21
scheduling, but this approach may require extensive flight testing to :ﬁ;
determine an appropriate schedule for the large number of possible ?ﬁ
20 :

X

et e, e



flight conditions 1ikely to be encuuntered during simulations.

2.3 Porter's Method

2.3.1 Fixed Gain Control Law. One of the many alternatives for

acahieving model following is the use of fast-sampling multivarible
control laws in a configuration similar to a command generator/tracker.
Cr.crol laws such as the ones developed by Prof. B. Porter can be used
to make the plant follow the time histories generated by a computer
model of the simulated vehicle.

The basic longitudinal equations of motion of the host aircraft in
this thesis are assummed to be completely controllable and observable,

and described by state and output equations of the form

i

X(£) = A X(t) + B u(t) (2-1)

y(t) = C X(t) (2-9)
where the subscript p has been droped for notational convenience, and
A is (n xn), B is (n x m) and has rank "m", C is (m x n), y(t) and u(t)
are (m x 1).

The A, B, and C matrices are partitioned according to the control

input matrix (B) to yield the following equations:

X, ()]
X, ()

x (t) 0
) s, u(t) (2-10)
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where x (t) is (p x 1), x,(t) is (n-p x 1) and B, is (n-p x m) with
rank "m". The equations defining }l(t) are kinematic relationships with
no forcing function present. For the aircraft longitudinal equations of
motion the kinematic equation is & = q, where @ is the pitch angle and

g is pitch rate. The resulting state vector has the form:

>
It

, = [ 8] deg (2-12)

>
n

,=[u o« q T fps, deg, deg/sec (2-13)

The plant is considered "regular" or "irregular" depending on
whether or not the first Markov parameter , CB, has full rank equal to
"m". For "“regular" plants (rank(CB) = m) with stable transmision
zeros, the control law 1is a discrete proportional-plus-integral (PI)

output feedback control law expressed as

u(kT) = (1/T) [ K, e(kT) + K, Z(kT) 1] (2-14)
and
u(t) = u(kT) for te[kT, (k+1)T) (2-15)
where
k = integer
T =1/f 1is the sampling period,

K, and K, are ( m x m ) controller gain matrices,

e(kT)

r(kT) - y(kT) is the ( m x 1) error vector

r(kT) = ymode1(kT) is the reference vector

Z(kT) is the digital integral of the error vector, defined as
Z[(k+1)T) = Z(kT) + T e(kT) (2-16)
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For "irregular” plants, a proportional plus integral plus derivative

P
o (PID) controller structure can be used as described in References (31),
(32) and (33). The input-output configuration in this thesis provides
for a "regular" design.
The plant state and output equations may be discretized for the
sampiing period T using the relationships
(DII 2 AII AIZ
[¢2| 2I} B exp{[ AZI 22 ]T} (2-17)
and
‘yl T [[ All t2 0
= ex t dt 2-18
R i @
q‘,
The resulting sampled data state and output equations for the plant are
x, {(k+1)T} o, o, [x,(kT) ¥,
[u(mm] i [(b“ %] X}(m] . [ . ] G(kT)  (2-19)
x, (kT)
The augmented closed-loop state and output equations for the control
law of Egn (2-12) are given by (36)
o
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and

where

Z {(k+1)T}
x, {(k+1)T}
x, {(k+1)T}

In -TC, -TC, Z(kT)

fy K, o -fy¥KC, ¢ ,-f¥KC, x, (kT)
fy K, o, -ft,KC, ¢, -ft,KC, x,(kT)

TIn
+ | fe K, | r(kT) (2-21)
fy K,
Z(kT)
y(kT) = [0 C, C, 1| x,(kT) (2-22)
x, (kT)

is the sampling frequency. A transformation is introduced

(27) which block diagonalizes the state and output equations so that

they assume the form

where

________

.....

o

R

TA,,C;W Ik, , Inop+ AT - TA,, C1C,

{(k+1)T) K, 07 [ % (kD) B,
A+ 1)TY ] - { 0 K,} [ X, (KT) } * {'E ] r(kT) - (2-23)

o x, (kT)
ykm)y = [T, T, | 5 (KT } (2-24)
- Z(kT
X, (kT) = xIEkTg ] (2-25)
X, (kT) = x,(kT) (2-26)
C =(xk,, 0] (2-27)
C, = ¢, (2-28)
Im - K7, 0
(2-29)
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As the sampling frequency 1is increased (f -» «), the closed-loop

transfer function assumes the asymptotic form (37)
r(z) =r,(z) +r,(2)

where z is the discrete transform operator and
r (z) =T, (zln-1,-TA,)"1TB,

r,(z) = C,(zlg-1n-A,)"1B,

A C_1K71K2 Al I—AIZC:1CI

1272

K-1K, 0 }

0
{ A,.C;L }

-B K,C, (2-38)

r (z) and r,(z) are the slow and fast mode transfer functions

respectively. The slow modes can be grouped into two sets 2 and 2.

and are given by
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o= {zeC: 1zlp-Igt TK VK, = 0} (2-39)

P XA
A
5

[
5

and

-

7
s

(Y]
il

, = {zeC: 12l Ip-p-TA, + TA,,C,71C, 1 = 0} (2-40)
The fast modes are given by
2, = {zeC: 12Ip-Ip+ C,B,K I = 0} (2-41)

N Because of the form of A, , B, , and T, , the eigenvalues of A,
- are uncontrollable or unobservable. Thus, as the sampling frequency

increases, the slow transfer function asymptotically approaches zern and

4

o the overall system transfer function contains only the tast modes, as

given by Tr,(z) which can be put in the equivalent form

- r(z) = r,(z) = (zlp-Iy+ C,B,K,)"1C,BK, (2-42)
\J, The controller matrices K, and K, are then given by
N
)
= K, = [Csz]'li (2-43)
K,= pK, (2-44)

where ¢ is any positive scalar greater than zerc, and ¢ is a
- diagonal tuning matrix. Both , and £t are chcsen by the designer to
:j? achieve the desired tracking characteristics.
'f Although the method Jjust outlined provides robust control
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characteristics, some degradation of performance is inevitable when

e

- f-red with large parameter variations in the plant. To avoid this
performance degradation, adaptive control techniques may be used to
adjust the control law parameters as necessary and maintain tracking
performance.

2.3.2 Adaptive Control Law. An alternate way of defining the
control law gain matrices of Eqns (2-43) and (2-44) is by the use of the
step-response matrix (34) defined as

T
H(T) = joc exp(A(t-1)) B dr (2-45)
For small sampling periods H(T) = TCB , and the control law can be
expressed as
n"._
\, _ _
u(kT) = K e(kT) + K,Z(kT) (2-46)
where
K, = H-(T): (2-47)
R, = ok, (2-48)

The significance of using H(T) 14s that it can be obtained from
real-time input-output measurements to reflect the current
characteristics of the plant (31,32), thus forming the basis for an
adaptive system. In order to do this, an autoregressive difference
equation 1is used to represent the open-loop dynamics of the host

aircraft. This is accomplished in the next chapter.
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I1I. Recursive Identification

3.1 Introduction
In recent years numerous new developments for

parameter-adaptive control algorithms based on parameter estimation
techniques have taken place. Recursive Least Squares identification
algorithms play a crucial role for many problems, not only in adaptive
control, but also for adaptive signal processing, and for general model
building and monitoring problems. Today, with the aid of an on-Tine
digital computer, it is possible to use an empirical model to represent
a non-linear plant in a sequential manner. Specifically, & low order
linear model can be selected to represent the dynamics of the system.
By use of the proper estimation algorithm, the computer is able to
provide updated parameter estimates for the empirical model at each
sample instant. This quasi-linearization procedure permits the use of
advanced control techniques such as the self-adaptive strategy, which
uses the information about the empirical model to update control law
parameters, thus allowing improved performance over a wide range of
system parameter variations. This chapter presents a short description
of the procedure and algorithms used to carry out the identification
part of the adaptation mechanism.

The 1didentification problem considered in this thesis 1is the
following:

Given a discrete input-output time history of the airplane

longitudinal dynamics, determine the parameters of a suitable linear

28
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model that best describes the characteristics of the airplane (according

to a given criterion) at its current operating condition. Furthermore,
the identification must be done "on-line" with a minimal amount of data
storage (recursive algorithm implementation), and using only the normal
control inputs to the plant.

Section 3.2 of this chapter describes the process of selecting the
structure of the finput-output model wused in the identification
procedure. Section 3.3 then sumarizes the commonly used Recursive Least
Squares identification algorithm, its characteristics, and some of its
limitations. This Tleads the way to Section 3.4 which sumarizes a
modified version of the Least Squres algorithm developed by Hagglund
(19) which overcomes some of the limitations of the basic Least Squares
approach. For this investigation, it will be assumed that the
computational time involved in the execution of the control and
identification algorithms 1is sufficiently short (compared to the
sampling time, and variation of plant parameters) as to introduce
negligible time delay effects. This assumption is Jjustified by the
availability of sophisticated microproccesors such as the ones described

in References (12), (26), and (47) which may allow fcr fast execution of

these algorithms.

3.2 Tnput-cutput Model Specification

The first step of the ddentification problem dis the
specification of an algebraic structure between the input and output
variables to describe the behavior of the plant. This model is
postulated a priori and can be based upon knowledge of the underlying

theory governing the dynamics of the plant. The discrete nature of the

29
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control laws being considered here, in which input-output data fis
gathered by the on-line computer for the control process, suggests that
the most convenient model is in the form of difference equations.

One of the posibilities for the derivation of a difference equation
model for the open-loop longitudinal dynamics of the host airplane is
based on the discrete state and output relationships given in Egns
(2-17) and (2-18). These equations can provide the desired input-output

relationship by simply taking their Z Transform and obtaining a transfer

function model (22) as follows:

X {(k+1)T} = & X(KT) + ¥ u(kT) (3-1)

y(kT) = C X(kT) (3-2)

-~ Y(z) = [ C [zl -#]°1 ¥ ] U(2) = G(2) U(2) (3-3)

The m x 1 vector Y(z), the m x m matrix G(z), and the m x 1 vector

U(z) are given by:

¥1(2)
Y(a) = | 1202 (3-4)
_ Ymiz)
i G11(2) G12(2) ... Gip(2) E
6(z) = | Gp1(z) Gpp(z) ... Gpp(z) } (3-5)
!

| Gpi(2) Gpa(2) ... Gon(2)
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Ui(2)
uz) = | 2(2) (3-6)

Umiz)

where Gij(z) 1is the transfer function relating the output Y5 to the

control input Uj and is of the form

Gijj(z) = (w<n) (3-7)
zN +a; 2"l + oo a0z + ap

By dividing each numerator and denominator in  G(z) by z" the

transfer matrix G(z) is transformed into the delay operator form

by 2W M + by 2% N1 & [ 4 by 27D
Gi3(z) = (w<n) (3-8)
1+a;z7l+ ... +apgp 2™l +a, z7n

At this point, the input-output relationship of the open-loop plant may
be obtained by grouping the coeficients with the same amount of delay in
every transfer function Gij(z), and taking the inverse Z transform to

yield the following Nth order vector difference equation model

y(kT) = By u{(k-1)T} - Ay y{(k-1)T} + .

+ B u{(k-N)T} - Ap y{(k-N)T} + «(kT) (3-9)

or equivalently
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y(kT) = vT(kT) 0 + «(kT) € RN (3-10)
.:,‘
’ where '
¢ (kT) is an equation error term assumed to be a zero mean
Gaussian white-noise vector with elements of variance o2,
added to account for modeling errors that may arise from
applying a linear model structure to a possibly nonlinear
plant, or mismatch between the real system order "n" and the
difference equation order "N"
TT(kT) € R™X1 {5 a matrix of past values of {y(kT)} and {u(kT)}
)
the matrices A; ¢ R™m (4§ =1,2,...,N), By e RMXM
( i=1,2,...,N) and the vector © e R!X1 are the parameters
‘, of the NN order difference equation .
By defintion of the step-response matrix it can be shown (Appendix B)
that '
H(T) = By = TCB (3-11)
thus, by identifying the matrix coefficient By in real-time from
input-output data, and invoking the certainty equivalence principle (6),
updated step-response matrix estimates can be provided for the control
law design calculations (Eqn (2-47)) (31,32,34). "
It is important to note that all the parameters of Egn (3-9) must be
identified to obtain the step-respcnse matrix denoted by Bj. Ideally,
in the case a transfer matrix model reduced to the same dencminator, the
22
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:3 . order "N" should be the same as the discretized plant model order "n" _
;: '}E; (Egns (2-17) and (2-18)) to avoid biases in the estimates resulting from :ﬂ
. trying to fit a reduced order transfer function model to the plant ..
;? dynamics ( this assumes of course that a model of order "n" is true ). 5
33 A model in which "N" is Jarge however may represent a problem, since the if
::. computational effort and the convergence time of the identification

Eé algorithm depends, among other factors, on the number of parameters to -
;; be 1identified. It 1is 1important therefore to keep the number of Ef
& identified parameters to a minimun. This fact seems to oppose the A
l; desire of having "N" equal to "n", favoring the use of reduced order ?
gs models. A reduced order model may be appropriate for certain situations :
s depending upon the tracking performance required and desired gain -
r§ margins. Compensation for biases in the step-response matrix can be E
‘JS - introduced by increasing the overall loop gain of the system. However, f
" ¢ it is highly desirable to achieve the desired tracking behavior with the o
ﬁ Towest amount of gain possible in order to provide satisfactory gain ;
iﬁ margins in the system. A solution is then needed that permits the ;

reduction of biases in the parameter estimates associated with reduced

-
.
ata

a

order modeling, while also providing for a small amount of parameters to

v "
Tt ety

e,
P

be identified. It is recognized that a diference equation model derived

from a transfer matrix does not provide for a minimal number of

P

parameters to represent a system (17,18), however, it facilitates the ii

jidentification procedure by providing for decoupled equation error terms f;

g which in turn allow for a simple scalar measurement update procedure ;j
: (10, 30, 43, Appendix C). 2
Since only Bjp (= H(T)) 1is required for the control law calculation ii

1

33
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'f} of Eqn (2-47), a possible approach to solve the aforementioned problems

OGN

~ . is to identify only the elements of By Jeaving the rest of the

o parameters in the full order model ( N = n ) fixed. It is assummed for

a~d

;,; this investigation that the appropriate parameters for the fixed portion

ﬁﬁ of the model of Egns (3-9) and (3-10) (representative of the current

5 flight condition) are available for use in calculating the plant's 3

;; output predicticns and residuals needed in the identification algorithm. :

E:f This approach is Jjustified in 1light of the results obtained in

.0 references (3), (21), and (46), where multiple models are emplioyed for

tif identification based on a-priori data. This a-priori data can be

:;} provided from information gathered by stability and control derivative y

prediction methods, wind tunnel tests, and preliminary flight test data.

Selection of the best performing model could then be based upon on-1line

)
b4
FA R

N calculation of a probability of correctness associated with each model.
P s
,f Furthermore, the same input-output data used in updating the estimates
= of the step response-matrix elements can be used to update a full order
- model that may be evaluated on a background proccesing mode. This -
;j information can eventually be used in refining the models selected X
o "
o a-priori for improved performance. The computational effort involved in K
S i
;ﬁ; the multiple model approach is easily accomodated by pararallel N
processing technigues and should not ©produce any significant g
computational time delays. j
The procedure of identifying only B causes the following j
e partition of Eqn (3-10) -
Ve
o y(kT) = 1T(kT) @' + (kT) + +(kT) ¢ R? (3-12)
) in which the kncwn or fixed parameters in 0 have teen deleted to form -
- A
., £ -~
N -
o 34 -
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o . This is also done with the corresponding elements in t(kT). These
non identified parameters and appropriate delayed measurements are then
collected into the vector @(kT). The vector o' thus contains only
the elements of By and 7'(kT) the corresponding elements of T(kT).
Additional details are given in Appendix C.

Having settled upon a model structure to represent the plant
dynamics, it 1is now necessary to choose a recursive algorithm to
identify the required elements of the step-response matrix. Sections

3.3 and 3.4 are devoted to this subject.

3.3 Recursive Least Squares Identification 1 (28)

Given a linear model of the structure described by Eqn (3-9),
our goal is to find an estimate of the parameter vector © such that it

minimizes the following weighted quadratic cost criterion on the

parameter vector estimate

N
J=3t {[ ykT) - 1H(kT) 0 12 } (3-13)
k

where N represents the total number of measurements, and the quantity
within the brackets is the error between the measurement of the actual
output of the system and the predicted output based on the current

estimate of ©. Differentiating the cost function with respect to the

1 This discussion pertains to a single-input single-output
difference equation model although the multiple-input multiple-output
case can be easily accomodated by performing a scalar measurement update

procedure [ (10), (28), Appendix C 1.
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:ﬂ parameter vector (o) and after some derivations (28), the recursive
- :\:
b N Teast-squares (RLS) identification algorithm is obtained
119
Jl
{ﬁ R(kT) = R{(k-1)T} + ——%T— [ 1(kT) T(kT)T - R{(k-1)T} ] (3-14)
;e
T(kT) = y(kT) - 7(kT)T o{(k-1)T} (3-15)
o(kT) = o (k-1)T} + —— R(KT)"1 1(kT) ¥(KT) (3-16)
A where R(KT) is the information matrix, and €(kT) is the prediction
™
2‘ error. Though these equations are recursive, they are not well suited
¥ for on-line implementation since at each step a matrix dinverse is
. required. However, taking the advantage of the fact that the update to
WU the information matrix ( R(kT) ) is of rank one, the matrix inversion
M \.
. lemma can be used to exchange the matrix inverse for a scalar division
-,
:j in the propagation of the parameter covariance matrix as shown in Egn
b7
"' (3-17)
2
‘o _ " o7 -
% P(KT) = P{(k-1)T} - P{(k-1)T} 7(kT) t'(kT) P{(k-1)T} (3-17)
y 1+ 7T(kT) P{(k-1)T} 7(kT)
2 where

P(kT) = VE%«‘ R-1(kT) is the parameter covariance matrix

v
o a
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The parameter update equation is

o(kT) = of (k-1)T} + P(KT) ©(kT) T(KT) (3-18a)

5{(k_1)T} . PLUk-1)T} 1(KT) w(kT) (3-18b)
1+ 71(kT) P{(k-1)T} 7(kT)

The previous equations weight each measurement equally and assume that
the parameters and measurement noise levels are constant over time,
though the estimate 6(kT) is certainly a time-varying quantity. The
interpretation given to @(kT) 1is that of the best estimate of the
constant parameter vector given all the past information up to time kT.

A more realistic approach allows for time varying noise levels
and/or parameter vector. Such is the case in the weighted least-squares

approach where the cost function is modified as follows:

(&)
"
M =)

. Ty L L y(D) - 6T(kT) 0 12 3 (3-19)

where the weights  W(kT) are to be selected in such a way as to
indicate the degree of confidence that can be placed on the individual
measurements, or equivalently, the amount of uncertainty associated with
a particular measurement. A desirable choice for the weights W(kT)
would be the variances of the corresponding measurements. A key problem

in identification of time-varying systems 1s, however, the lack of

knowledge of these variances (19:21).
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Assuming that an estimate of the noise variance is available, the

RLS algorithm is given by:

5(kT) - 5{(k_1)T} . P{(k-1)T} 1(kT) £(kT) (3-20)
V(kT) + 7T(kT) P{(k-1)T} 1(KT)
P(KT) = P{(k-1)T} - —PLDT} 10D) 1TGT) PK-D)T} 5 51

V(KT) + 1T(KT) P{(k-1)T} 7(kT)

where v(kT) = W(kT) 1s an estimate of the noise variance at time kT.
Although this algorithm sti11 assumes that the parameters are constant,
it allows for time varying noise characteristics.

In order to allow for time-varying parameters, past information must
somehow be deweighted and greater emphasis placed on more recent
information.

A common and simple way to accomplish this goal is by modifying the
cost function to include a “"forgetting factor" to cause an exponential
deweighting of data and place more emphasis on recent measurements. The

cost function then becomes:
N 1 T 2 N —k
J = k - i H{kT) o -22
E:O V(kT) { [ y( T) I ( ) ] A } (3 )

where 0 < ) < 1 1is the forgetting factor. This cost function leads to

one of the most commonly used version of the RLS algorithm:
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» v(kT) + 7T(kT) P{(k-1)T} 7(kT)
P(T) = -1 | pi(k-1yTy - —PLDT} 1(KT) tT(kT) P{Uk-1)T} | (3-94)

x V(KT) + 1T(kT) P{(k-1)T} T(KkT)

The use of the RLS algorithm is subject to a number of preconditions
and limitations. A principal assumption is that the time variations of
the parameters, and noise level, are slow and/or seldom compared with
the time constants of the system (19:25); in other words, that large
step-Tike changes in the parameters may not occur frequently.

An important requirement is that of "presistency of excitation" of
the input data. To estimate a model of the plant dynamics that is
satisfactory, the input signals to the plant must have sufficient energy
and rich frequency content within the control bandwidth of interest.
The conditions on persistency of excitation are related to the
complexity of the estimated model. This implies that the requirements
on the input signal become more severe if the model order (or the number
of identified parameters) is increased (45). Since the input signals to
the plant are generated by feedback there 1is no guarantee that these
signals will be persistently exciting. On the contrary, gcod regulation
may give a poor excitation (5, 45) since the algorithms usually extract
information from the perturbations of the 1input-output signals around
the nominal set-points. In that case the perturbations can be small,
unless the command signals themselves are dynamic enough to provide the

necessary control activity. This however 1is not always possible or

practical.
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To track parameter variations it is necessary to discount old data
by means of the forgeting factor in Eqns (3-22) and (3-24). The choice
of a suitable forgetting factor is usually the result of a compromise
between fast adaptation and high stationary accuracy of the parameter
estimates. If the foirrgetting factor is small, old data is discounted
quickly and the estimated parameters will converge rapidly towards the
new values. However, the accuracy of the estimates will decrease. A
high value for the forgrtting factor ( x = 1 ) on the other hand will
make it impossible to track rapid parameter variations (Figure 3-1).
The final selection of a forgeting factor then reflects the compromise
between the demands on convergence rate and long term quality of the
parameter estimates. This trade-off is not always satisfactory (19:17).
It is desirable to discount 0ld data quickly when the plant is changing
or has just changed and to discount data slowly when the parameters are
relatively constant.

Another problem that may occur when a constant forgetting factor
less than one is wused is that of instabilities in the estimation
algorithm commonly refered to as "estimator wind-up" (2). Exponential
forgetting works well only if the plant is properly excited all the
time. This may not be the case if the main source of excitation are
changes in the set-points. Then there may be long periods with no
excitation, the estimator will continue to discount old information and
the uncertainty of the parameters will grow. The effect can be seen

analytically. It can be shown that Eqn (3-24) is equivalent to:

P(KTY = [ v 1(kT) t(kT) T(kT) + » P-1{(k-1)T} 3-1 (3-25)
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Figure 3-1 Effect of Forgetting Factor in transient response of
parameter estimatss (19:18)
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If the plant is poorly excited, the input u(kT) and the output y(kT) :ue

. Lo
:;3 are small. Since the components of the vector T(kT) are delayed E:a

values of the input and output the vector 1(kT) will be also small,

In the extreme case when T(kT) 1is zero Eqn (3-25) leads to

R RR R 4
X} - o » . _

P(kT) = _Eiiﬁillli_ (3-26)

indicating that the matrixx P(kT) grows exponentially. If there is no
excitation for a long period of time then P(kT) may become very large
and the estimator becomes unstable. Since P(kT) 1is the gain in Egns AR
(3-18a) and (3-23), small prediction errors can produce large variations -

in the parameter estimates. This in turn may drive the closed-loop

system unstable.

Another way of looking at the problem is from a point of view that

considers how the information 1is processed in the RLS algorithm.

Equation (3-24) can also be expressed as:

P-l(kT) = P-1{(k-1)T} = (1-») P-l{(k-1)T} + v 1(kT) 7(kT) 1(kT)T (3-27)

where P~1(kT) is the information matrix. From Egqn (3-27) it can be seen

~
.
that the first term represents the old information, the second term ®

represents the information taken out, and the third term represents the

L

information that is added by the measurement. Careful examination of

Egn (3-27) shows that data 1is discounted in all directions but the

A J
2
N

measurement is bringing information in only one direction (the first two i:ﬁ

terms of Eqn (3-27) are full rank while the third term is of rank one). ifi
W

Because of this, if persistency of excitation 1is not present, more »
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information will be discounted than brought in and eventually P-1(kT)

will go to zero thereby causing instabilities in the algorithm.

There are several ways to avoid estimator wind-up. One is obviously
making sure that the plant is properly excited before performing the
identification. The condition for persistent excitation can be
monitored and perturbations may be introduced if the excitation is poor.
In cases where perturbations are not convenient, the identification
process can be discontinued temporarily. Supe-visory loops ((5, 24),
Figure 3-2) are often employed to perform these functions. The price
paid for this safeguard is the extra logic and data storage required to
perform the appropriate checks.

Another possibility of dealing with the changing demands for data
discounting is the use of time-variable forgetting factors (16) to
adjust the amount of discounting automatically. The use of wvariable
forgetting factors, however, is often heavily dependent on the
assumptions imposed on parameter and noise level variations. Typically,
the forgetting factor is adjusted in a manner inversely related to the
prediction error or an estimate of its variance. The prediction error

can be thought of as being composed of two independent components as

indicated below:
o= y(kT) = i T(KT) C(KT) = o(kT) +  A(KT) (3-28)
where . (kT) is the model error and n(xT) is the measurement noise.

In the least-squares method, each measurement is weighted according to

an estimate of its uncertainty ( Egn 3-12 ), which can be expressed as
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Figure 3-2. Parameter-adaptive Control system with
supervision functions. (24)

follows:
o2 (kT) = of(KT) + cQ(kT) (3-29)

where ¢Z2(kT) is the estimate of the prediction error variance at time
kT, c%(kT) and c%(kT) are the model error variance and measurement

noise variance at time kT respectively. In the czse of small and

PR AU

constant noise levels, assuming that the plant is propsrly excited, any
changes in the plant will be reflected in the predicticn error and the
forgetting factor will be adjusted accordingly for improved convergence
to the new parameter values. The problem with this technigque is that an }
E increase of the noise level will in most algorithms be interpreted as a

E§; variation of the parameters, i.e. an increase in cpn(k7). This action

is a serious mistake (19:28) since the algorithm will ciscount old (and

possibly good) information to favor new measureTents with  poor

information content.
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In order to avoid these problems, and the required assumptions about

how the parameters and noise level vary, the approach taken in this
thesis is to use a modified RLS algorithm developed by Hagglund (19).
This algorithm automatically discounts old data depending on the amount
of incoming information and updates the parameter estimates only in the

direction where new information is entering. Section 3.4 discusses this

algorithm in more detail.

3.4 Hagqlund's Algorithm (19)

To account for time varying parameters and to remedy the
weighting problem discussed in the previous section, a new prirciple of
forgetting old data was presented by HKagglund (19) and used in a
modified RLS algorithm. This section summarizes the develcpment of
Hagglund's algorithm,

As discussed earlier, the purpose of the least-squares estimator fis
to provide rasonably accurate estimates of the parameter vector c(kT).
To accomplish this objective, Hagglund approaches the infcrmation
weighting problem from a different point of view. Typically, the
information about the uncertainties in the measurements is rather pocr.
Thus instead of using assuvcticns on how the parameters and noise level
vary, the informaticn weiz=tirg is handled by relatin

Ly tre aizuracy of

Wi

the paraveter estimates 1.z, to the amourt of irformaticn availzzle, and
the incoming infeormation.,  Hiz hic alzzrithm adrering to

the following prircipie:
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E»:: “Discount old data in such a way that a constant ;
;( gj‘ desired amount of information is retained, if S
. the parameters are constant (19:70)". /]

‘E The amount of information is signified by the inverse of the P matrix. g

The goal of the estimator developed by Hagglund is to weight the

; incoming data so that the covariance matrix becomes proportional to the

identity matrix. The diagonal elements of P(kT) may be interpreted as g

, approximations of the variances of the corresponding parameters. The .
:S weights W(kT) in Egn (3-19) are chosen so that these variances get a

E: desired value. As a result, the amount of the data included in '.

. calculating an estimate of the parameter vector 1is dependent on the

j information the estimator 1is receiving. If there is no information

E g coming in nothing will be forgetten, If the incoming information 1is

J ‘. small the convergence time will be long. However, if the information

_': content in the data is Jlarge, old measurements will be discounted

.~: quickly so that fast parameter adartation can occur.

,-‘- If data is to be discounted according to the new principle, the ;

: information discounted must be the <3ime as the information brought in by :

: the new measurements. Recalling from Egqn (3-27), the new information is

5 proportional to 71(kT) TT(kT). It may be said that the new information

is coming in the direction ¢of 1 (xT7). Thus old information is to be

discounted in the sare directicn. In terms of the information matrix

o this is expressed as:

.

. Pr(kT) = Prl{t-D)TH + vHLT) B T)T(RT)

- L(kTY T(kTYIT(KTY  (3-30a)
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P-L(kT) = P~1{(k-1)T} + { v 1(kT) - a(kT) ] 7(kT) 1T(kT)  (3-30b)

where «o(kT) s a discounting factor. Ncte that in the updating of Egn
(3-30), information is removed only in the direction that information is
adaed. This is in contrast to the earlier discusson of the
least-squares algorithm with exponential discounting in Eqn (3-27) where
information was removed in all directions cue to the second term being
full rank. The information matrix eguaticn (3-30) gives way to the new

method of updating the covariance matrix in Hagglund's modified RLS

algorithm:

PLeT) = P{(k-1)T} - - PUK-D)TY E(kT) 3T(kT) P{(k-1)T} (3-31)
(v IkT) - «(kT)I7L 4+ iT(kT) P{(k-1)T} T(kT)

Sirce the form of the covariance matrix update has changed, the
equaticn for updating the parameter estimates will also change. Using
Ean (Z-21) along with the basic definitiin of the parameter urdate
equatizn in the least-sguares algorithm, Hzzzlund derives the folleowing

parameter estimate update equaticn:

S(KT) = C{(k-1)T}
. B 7 {(x=1)T} vRkTY kT (3-202)
VIKTY + 7T(kTY) F{(k=1)T} 1{xT) [1-u(kT)v{kT)] '
= of(k-1)T} + v<iT) P(RTY 1(kT) . (1) (3-32%)
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It remains to be shown the choice of an apprcpriate discounting
factor «o(kT) in Egns (3-31) and (3-32a). Equation (3-30) shows that
a(kT) must be positive or information would be added instead of
removed. Also, if o(kT) is too large the covariance matrix could
become non positive definite. These and other considerations establish
the need for a set bounds to which the discounting factor must be
limited. In deriving a set of bounds on «(kT), Hagglund performed a
stability investigation which included showing that a proper choice of
a(kT) would ensure that the covariance matrixx remained positive

definite. The stability investigation yielded the bounds on «(kT) and

were chosen such that

0 < o(KT) < ! (3-33)
TT(kT) P{(k-1)T} 7(kT)

Furthermore, in order to obtain a diagonal P-matrix of the form a- 1

where a is the desired variance of the pararester estimates, Hagglund

shows that «(kT) must be selected so that

FT(KT) PL(1)TY P(KT) PL(k-1)T) 0(xT) | (3-33)
TT(KT) P{(k-1)T} P{(k-1)T} 1(kT)

Substituting Egn (3-31) into Egn (3-33) yield the following desired
value of u(kT)

(KT = v l1(kT) + T o | (3-3%
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where

54(kT) = 1 1T (kT) P3{(k-1)T} 7(kT) _ (3-36)
TT(kT) P2{(k-1)T} 1(kT) 7T(kT) P2{(k-1)T} T(KkT)

To gain scme insight as to the physical interpretation of the parameter
6(kT), a substitution of Egn (3-35) into Eqn (3-31) is wmade. This

results in a covariance matrix update equation of the form

P(KT) = P{(k-1)T} - &(kT) P{(k~1)T} 7(kT) vT(kT) P{(k-1)T} (3-37)

From this equaticn, it can be seen that 6(kT) can be interpreted as a
gain term for updating the covariace matrix.

Although application of Eqn (3-35) will result in the desired value
of the discounting factor, because of the restrictions given in Egn
(3-33), Egqn (3-35) cannot always be used. Hagglund shows that by
incorporating the bounds of «(kT) in Egqn (3-33) in conjunction with Eqn

(3-35) the choice of «(kT) becomes

0 if ay(kT) <0
. 1
kD) F 0 < aykT) < oy
o«(KT) = X . . 1 . (3-38)
. - 1 .
0 if o:d >V 1(kT) + 7]_(_k_T—) -

where

n(KT) = 1T(KT) P{(k-1)T} 7(kT) (3-39)
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N ' The previous discussion s relevant to the situation where the v
N parameters are constant or change slowly in comparison with the time jl
" -~
:E constants of the plant. The inverse of the covariance matrix is then a 8
o %
= good measure of the information content. In the case of abrupt plant ht
N parameter changes, P-1(kT) s no longer a good description of the )
E{ information content in the estimator. It will take some time for the by
53 algorithm to reflect the uncertainty of the old parameter estimates by
N an fincrease of the covariance matrix. Since the covariance matrix ;i
:: partially determines the gain of the of the estimation algorithm, the fj
A -,
}: Tow "magnitude” of the P matrix will most 1ikely cause a slow parameter al
®
‘; adaptation rate. To deal with this situation, Hagglund developed a
;& "fault" detection procedure to speed up the adaptation in case of abrupt
S parameter changes. -
[
The problem of how to account for step-like parameter changes can be "
:E broken down into two parts. The first of these is how to detect the N
. parameter change ( or fault ). The second part is, once the parameter -
" change has been detected, what modifications to the estimation algorithm h
. need to be made to correctly account for these changes. &
A fault detection procedure is accomplished by forming a test o
sequence that s sensitive to faults. The fault detection sequence ;
?; should have properties that are significantly different before and after ;
- the fault. Following the development of a test sequence, the sequence ~
®
;: is evaluated and decision theory is applied to determine if a fault has :E
4 -
~ occurred. -
'\-- -
N Although the predominently used test sequence for fault detection is
i:: ."\'.';': r-:\
" :':
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E~ - often the residual sequence, its use can cause erroneous results as

M indicated in section 3.3 since an increase in the noise level can lead

N to false alarms. To solve this problem, Hagglund proposed to use the

S' changes in the parameter estimate vector 8(kT) as the basis for the

’Sk fault detection sequence.

- Hagglund shows that when using the differences between two succesive

15- estimates,  40(kT) = o(kT) - 0{(k-1)T}, as the basis of the fault

- detection sequence, the probabilities of Aé(kT) being positive versus

o negative are approximately the same when the estimated parameters are

'2 close to the true values. This assumes that the equation error term in

2 Eqns (3-9), (3-10), and (3-12) has white Gaussian noise characteristics.

1, Representing this mathematically yields

. P[ 40T (kT) 28{(k-1)T} > 0 ] ~ P[ adT(kT) 46{(k-1)T} < 0 ] (3-40)
\eo

'g When a fault has occurred, the above discussion and Egqn (3-40) no

;g longer hold. The estimated parameters will be driven toward the new

t; values and therefore Eqn (3-40) will be replaced by

- PL 40T(kT) a8{(k-1)T} > 0 ] > P[ a8T(kT) #6{(k-1)T} < 0 ] (3-41)

y Instead of observing the scalar product A@T(kT) Aé{(k-l)T}, it is

.; more efficient to observe the scalar product between ABT(kT) and a sum

N of the latest estimate increments. To simplify the algorithm, Hagglund
;E performs an exponential filtering of the fincrements of the estimates

’f instead of an ordinary sum. This results in the function w(kT) being

. :
; 51 ~
o \
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o defined as
Y AN “
AT w(kT) = y1 w{(k-1)T} + 88(kT) 0¢yp <1 (3-42)
e
-
:53 where the design parameter ¥1 controls the number of estimate 4
e '
b increments that will significantly influence the resuiting w(kT). In
oA case of a fault occurrence, w(kT) can be viewed as being an estimate
':ﬁ of the direction of the parameter change. This Jleads to the test
.
\f: sequence as developed by Hagglund, s(kT). The test sequence, s(kT),
' is defined to be 4
J'\.
o
4 .\'
..' ~
e s(kT) = sign[ a0T(kT) w{(k-1)T} ] (3-43) ]
~
(]
s
§:h The sign function makes the test sequence insensitive to the noise
N
':ﬁ A variance. As was the case earlier, when the parameter estimates are in
=2 . proximity to their actual values, the function s(kT) has approximately
-i a symmetric two point distribution with mass 0.5 each at +1 and -1.
}:ﬁ However, with the occurence of a fault, the distribution is no longer
_f symmetric and the mass at +1 is larger. The fidea behind the fault
E}} detection technique is then to inspect the latest values of s(kT). If
E;; s(kT) is +1 an uniikely number of times in a row, a fault is then
s
s declared.
- To add the most recent values of s(kT), Hagglund introduces the
?f? stochastic variable r(kT) defined as
."
[ r(kT) = y2 r{(k=1)T} + (1-3p) s(kT) 0<yp<l (3-48)
.
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which produces an exponential smothing of the test sequence s(kT) in
order to obtain a simple algorithm. When the parameters are close to
their true values, and the equation error term has "white noise"
characteristics, r(kT) has a mean value close to zero. When a fault has
occurred, a positive mean is expected. A fault is then declared when
the value of r(kT) exceeds a certain threshold. The design parameter
here 1y controls how many s(kT) values will be included in r(kT).

As in the case with most design parameters, there are tradeoffs to
be made when selecting the value of yo. If a small value of yp s
selected, fast fault detection will result at the cost of Tless security
against false alarms. In instances where the signal to noise ratio in
the system is poor, speedy fault detection is not feasible. For cases
such as this, more information 1is required for proper decision making.
By assigning y2 a larger value, more information will be available for
the fault detection algorithm to determine the presence of a fault.

As is mentioned earlier, if r(kT) exceeds a certain threshold, say
rg, a fault may be concluded with a confidence determined from the value
of the threshold. The threshold rg can be computed as a function of
y2 and the acceptable rate of false alarms, f¢, which may be chosen to
suit the particular application in question (19:40). Hagglund performed
this calculation and his results are ilustrated in Figure 3-3.

Having found a way of detecting large ( and fast ) parameter
changes, the next step is to determine a suitable way of increasing the
gain of the algorithm to speed-up the adaptation rate. To accomplish
this, Hagglund chose to add the quantity 3(kT) times the identity

matrix to the covariance matrix P(kT). The covariance update equation
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The error frequency f¢ versus the threshold rg (19:41).
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becomes

P(KT) = P{(k-1)T} - P{(k-1)T} i (kT) tT(kT) P{(k-1)T} + pkT) T (3-45)
v 1(kT) - o(kT)]"1 + p(kT)

where 7n(kT) is given by Egn (3-39). The parameter p(kT) has the value
of zero in all cases except when a fault is detected. Then, a positive
value for g(kT) will have the desired effect of increasing the
covariance. It remains to specify a suitable choice for pg(kT).

One possibility of choosing 8(kT) is to let it be a function of the
current value of P(kT) and of the significance of the fault, i.e., of
the value of r(kT). In deriving the equation for p(kT), Hagglund

defines the following expression

I 0 if r(kT) < rg :
p(kT) = (3-46) b
l VKT o(kT) - u(kT) 1 iF r(kT) 3 g 2

PT(kT) ©(kT)

where u(kT) was shown to be an eigenvalue of the parameter update
equation that could be assigned arbitrarily to control the step length
of the algorithm ( a small eigenvalue causes bigger steps towards the
new parameter values, while an eigenvalue close to one causes smaller

steps ), vg 1is the current eigenvalue, defined as

KT
vo(kT) = 1 - D) (3-47)
V(KT) + [ 1 - a(kT) v(KT) 7 n(kT)
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and rg s the fault detection threshold.
To ensure that the covariance matrix remains pcsitive czfinte, the

eigenvalue v(kT) needs to meet the following conditicn
0 < v(kT) < vg(kT) (3-48)

A simple way of acccmplishing this is by letting .(xT) bte a piecewise
linear function of the significance of the fault as depicted in Figure

3-4.

Pirer(kT)] |

Figure 3-4. Possible choice of the eigenvalue (kT). (19:52)

The above choice of «(kT) causes Egn (3-46) to become

0 it r{(k-1)T} < rg

» _ov(kT) og(kTY (r{(k-1)T} - rp) (3-49)
HkT) = | D o ( 0 if r{(k-1)T} > rg
i PT(kT) 1(kT) (1 - rg)
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also indepencent with respect to the cthers ( Apperndix C ), the

I3 l'rl
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estimation problem can be solved by adding the effects of cne cutput a

«t

a time by going through the algorithm m times per tirmz step. The

procedure is summarized with the following algorithm

At time kT ( k » 0 , where 0 is initiation time )
calculate for i=1,...,m (see Eqns (3-9), (3-10) and (3-12))

o' 5(kT) = &' 4.1 (kT) + W%TTT P1(KT) v4(KT) T3(kT) (3-51)
where

T4(kT) is the estimated prediction error
vi(kT) is the estimated prediction error variance
Ps(kT) is the estimated parameter covariance matrix

o +3(kT) is the ith column of measurements in i(kT)
with initial conditicns

6’0(0) initial presumed values of the step-response
matrix elements

vi(0) initial presumed value for prediction error
variance for i=1,... m

o
1
{

Pg(0) estimated covariance of the parar-t-- = 7 v ites
at initiation time

+1(0)  vector of past measurements prior to initiati

«tr
—
@]
3

of identification for i=1,... m

with design parameters

"a" desired variance of the parameter estimates
) vl, ¥2» ro design parameters for a fault detection schere
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o v3 s 7, Y] design parameters of the predicticn error
p e variance estimator
. and recursive relationships (in propar orcder of occurrence) .
g 3
- ¢ o(kT) = 0 n{(k-1)T} (3-52) N
i P
i Ci(RT) = yi(kTY = egT(RT) @5 (KT) + @i(KT) (3-53) ‘
- 4
» 7
. Po(kT) = Pp{(k-1)T} (3-54) I;;
-~ e
g -,
. ni(kT) = viT(KT) Pyo1(kT) wi(kT) (3-55)
| o
» P
Si(KTY = g T(KT) P24 1(KT) vy(KkT) (3-56) o
- -
> Vi(KT) = ey T(KT) P35 (KT) w4(KT) (3-57) y
N -
: ]
vi(kT) ~]
>y 53 (KTY = 1—- - ] _ N
¥« DS T T (3-58) :
‘ '@ | 1 j
: ¥
- rg(kT) = rp{(k-1)T} (3-59) N
‘.:',' N
. N
N (53 vil(k=1)T} + (1-33).25(kT-7) if ri_1(kT) < rp
N vi(kT) = ‘ (3-60) -
N vi{(k-1)T} if ris1(kT) > -
- | . 644(KT) k
. gt = VD S ey ) (3-61) :
A B
- 0 i agy(kT)< O 2
-E b (\1d(kT) if 0 < (:1d(kT> < 711{’1-)‘ j
:: kD ey < et D iy S
- ‘4 0 if n]‘d > V1'1(kT) + ?U{T) TeY




ni(kT) :_

. Ly(kT) = 1 - S (3-63) o0
..:_:_' V-i(kT) + [ 1 - (\i(kT) Vj(kT) ] rj-i(kT) :
i-

_ L vs(kT) oL (kTY (ri-1(kT) - Rp) 3-64 ~

"1\'<T) = E V3 O-, i-1 0 if r';l_l(kT) s g ( ) "~

| w3 T(KT) v3(kT) (1 - Rg) L.

Pi(KT) = Py-1(KT) g

Pi-1(kT) v4(kT) viT(kT) Pi-1(kT) .'

- + 25(kT) I (3-65) N

[vi (k) = ai(kT)I7L + 73(kT)

( eguation (3-51) evaluated here ) ;n

wo(kT) = w{(k-1)T} (3-66)

N wilkT) = 51 wiog(kT) + [ @'5(kT) - 0'4-1(kT) ] (3-67) ';"
Si(xT) = sizn [ (0 5(kT) = @ 5 1(kTNT wi_1(kT) ] (3-€3) ’

FIKT) = 5 rio(KT) + (1-32) s4(KT) (3-69) o

By incorporating Hagglund's modifications to the recursive
Teast-squares algorithm, it is posible to account for the time variation

of plant parameters in a more efficient manner as compared to the

standard RLS algorithm, The major advantage of wusing Haggiund's -
algorithm is that it solves the problems caused by nonunifcrm excitation :ﬁ
. . . e . )
of the plant. This is important since it allows for the identification e
s
procedure to take place during general aircraft maneuvers by discounting i
data depending on the amount of informaticn available. A convenient :§
).
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feature s also that the previcu 2 hoo chod rjettirg facters
are repiaced by the performanc hod cf tne desired paramster

Ri= o

variances (19:11% ).

Symmary

Chapter 3 has presented the thecry tbeaind the recursive
identification scheme that, tcgether with the control law presented in
chapter 2, will allow for the development of an adaptive system to
compensate for aircraft parameter variaticns. This is done in order to
demonstrate the capability to maintain good model-following performance
while conducting in-flight simulaticns under different flight
conditions. Throughout these discussions, many variables have been
identified as user defined design gquantities. The next chapter will
prcvicde the details of the design prcocedures for determining the
approgriate  design paramsters for bocth the control  law, and the

recursive identificaticn algorithm.
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4.1 Introduction
The previcus chapters in this thesis provize scme insight into
the theory of both the control law and the recursive icantificaticn
algorithm used in the adaptive system. The intent of this chapter is
twofold, namely, to present a detailed description of the procecure and P
practical aspects considered for selecting the design parameters of the ;51
adaptive system, and to provide details of the system's representation g%é
and simulation with MATRIX,. ;E’;.
¢ Although deterministic in nature, the control law design techniques ' 5
. developed by Prof. Peorter require scme amount of trial and error in the fé
> N cevelcpment of a particular design. A number of variables are to be ﬁg
‘.-' defir2d by the user baszd on theoretical insight and experience gained ’
throushout the trial and error precess. This process must also be E;i
Y applied in adjusting the design parameters of Haggiund's algorithm to ;;
optimize the adaptation mechanism's ability to estimate the open-loop t:;
aircraft dynamics. IEE
The adaptive system designs presented in this thesis are based on ig
the use of the 1linearized longitudinal egquations of motion of the ':3
y AFTI/F-16 aircraft at a nominal flight condition of Mach 0.9 at 10,000 ﬂ?
E ft. of altitude. Also, a model of the aircraft at Mach 0.2, 10,000 ft. ;ﬁ

is used to test the system's ability to perform under changing -
conditions.

This chapter begins by presenting a brief description of the -
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mathematical medels use

{1

to represent tre airoratt gnd actuztor dyramics
in section 4.2. Secticn 4.3 pressrts the develcpmants that lead into
the final control law design,  Gensral mathematical censiderations, as
well as peculiarities of the Porter design meshod are discussed.
Firally, secticn 4.4 addresses the jssue of fire tuning the estimator
design variables, ard also highlights the wvaricus practical signal

processing aspects required for its implementation.

4.2 Aircraft Model

The airplane dynamics used in this study are represented by a
set of first order matrix diferential equations in the state space form
of equations (2-1) énd (2-9). These state space equations are ohtained
from the forces and moments acting upon the aircraft, and are expressed
using the body axis system centered at the aircraft's center of gravity
(Figure 4-1). A detailed derivation of the Tlongitudinal state
perturbation equations used in this thesis is presented in Reference 7.

Egquation (4-1) shows the 1longitudinal state space nmcd

1 ¢ =

D

AFTI/F-16 in terms of the primed dimensionalized stanpiiity cori. oo
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Figure 4-1. Aircraft axis system.
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where

X

N 9 1is the pitch angle

-

u is the forward velocity

*a
o

2

« 1is the angle of attack
q 1is the pitch rate
be is the elevator deflection

6¢ is the flaperon deflection

o 4 NALS
) .ﬂ"{"’f‘-ﬂ ~.$:1'
&, A

oy

The equations used to calculate the coefficients in Egn (4-1) are also

found in Reference 7. In this case, a Flight Dynamics Laboratory e

aerodynamic data package for the AFTI/F-16 was used to obtain the t’:
coeficients 1in Egn (4-1) by trimming the aircraft at the previously SO
named flight conditions. The relevant data for these models is ey
presented in appendix A. :

The next step is simply to define the output vector of the quantites AW

of interest. In this case, the desired outputs ars flight path angle e\

-
.

and pitch rate. The flight path angle is defined as

~
"

fe=3
t

x (4'2)

e e ® W
. *, Y % N

-y
~

IS
f'l"
s ‘>

This leads to the following output equation

(4-3)
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These equations, representing the aircraft dynamics, are implemented
by means of the computer aided design package MATRIXy, with its
simulation facility SYSTEM-BUILD (23). This is ilustrated in Figure 4-2
thru 4-4, Figure 4-2 shows the elements of the block "A/C" wich depicts
the overall aircraft model with a representation directly derived from
the state space equations. The different set of dynamics associated
with the two flight conditons of interest are implemented by means of
gain scheduler functions (Figures 4-3 - 4-4) which change the elements
of the A and B matrices in the model of Figure 4-2. The elements in
the C matrix remain constant throughout the simulation.

Figure 4-2 also shows the addition of actuator dynamics into the
aircraft simulation. These 1include nonlinearities such as surface
position and rate limits. Consideration of their effects is very
important, especially in the case were the control system is to provide
artificial stability to the aircraft as it is the situation here.

The actuator model used in this simulation is derived from the VISTA
design requirements that call for faster actuatcr dynamics than those
fourd in the regular F-16 aircraft. For purposes of these simulations a
simple first order model will be used. The actuator model for both the

elevator and flaperon is of the form

S 44 -
feng 5+ aay (4-da)

or eguivalently

So= -84 5+ 43 sopg (4-4b)

Equation (4-4) is implemented for both actuators with the models shown

in Figures 4-5 and 4-6. Fizure 4-£ shows the cverall actuator mcodel as
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derived from Egn (4-4b), with the addition of the rate and position
limiting functions.

The control surface ratec is limited simply by placing a limiter
function after the rate of Egn (4-4b) 1is calculated. This s
implemented after the summing Junction in Figure 4-5. The
implementation of the control surface position 1limiting function is
slightly more involved. It would be erroneous to simply place a limiter
after the position of the surface is calculated from the integration of
the surface rate, since this would imply that the calculated surface
rate of motion would not be zero when the surface is stuck at a 1imit.
Instead, a limited integrator function is implemented to calculate the
control surface position from the calculated surface rate. This is
ilustrated in Figure 4-6. The rate canceler in the limiter integrator
(block 1labeled R/CANC) monitors the calculated surface position and
compares it to the surface's position 1imits. If the surface deflection
is at a 1imit, the rate canceler function negates the commanded rate at
the summing junction location, This causes the desired effects of
zeroing the surface rate and stoping the surface position calculation at
its current point until the commanded surface rate changes direction.
While the surface deflections are within the normal range, the rate
canceler simply outputs zero, thus letting the inccoming surface rate be
integrated to obtain the surface position. The control surface position
and rate limits used in this study are given in Table 4-1.

The position 1imits are relative from the trim position of the
surfaces. Since the simulation is based on perturbaticn equaticn of

motion at different flight conditions, these limits are scheduled
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Table 4-1

Control Surface Position and Rate Limits

Surface F1t. Condition Position Limit Rate Limit
(deg) (deg/sec)
Elevator Nominal + 27.37/ - 22.63 S0
" Off Nominal + 27.06/ - 22.94 "
Flaperon Nominal +22.0 /- 21.0 78
" Off nominal + 7.54/ - 35.46 "

‘}-';r";"';'\}:‘}:'f";'\f?.r:?:'.* ENCAN N AN M ’,

according to which model is being used at any given time. The absolute
limits are + 25 deg. for the elevator and + 20 deg. / - 23 deg. for the
flaperon. The direction of positive surface deflection is indicated in
Figure 4-7.

Finally, consideration to imperfect measurements is given in the
design by providing the capability to inject measurement noise into the
simulation. This is ilustrated in Figure 4-8, which shows the details
of the sensor block. A simple model for zero-mean, white, Gaussian
noise is used to corrupt the individual measurements independently. The
specific roise levels used are provided in the next chapter. Figure 4-8
also shows the capability of including sensor dynamics in the
simulation, The sensor dynamics implementation in this case is limited
to simple low-pass anti-aliasing filters with corner frequency of 40 Hz.
The reason for this is that, at the time of this study, no specific
information was available on the sensors to be used in the cesign of the

variable stability system for VISTA,
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4.3 Control Law Design

4.3.1 Mathematical Background. Before a particular control law

design is developed it 1is necessary to make sure that the system for
which it is intended satisfies a number of requirements. Of fundamental
importance s for the plant to be completely controllable and
observable. Controllability implies that the inputs can affect all the
modes (poles) of the system, thus making it possible to alter these
modes in order to effectively modify the system's characteristics. Ffor
a linear time-invariant system described by Egn (2-1) controllability
can be checked by evaluating the rank of the controllability matrix

(14,40), denoted M., given by

Mc=[B 1 AB I A 1 ... 1 AN-1B ) (4-5)

wh

D

re n is the number of states. If the rank of M. 1is equal to n,
then the system is completely controllable. If M. is rank defective the
system is deemed uncontrollable signifying that some of the modes cannot
be affected by the input to the plant. In this case the rank defect of
Mc (i.e., n minus the actual rank of M.) tells us how many modes are
uncontrolable.

Osservability implies that the outputs of the plant are affected by
eyery mode, and that every state affect the outputs of the plant (40).
This property is particularly important since control is to be provided
by cutput feadback. Although not all the states are to be measured,

their influence on the outputs is necessary if proper control of the

mocdes is to be achieved. In addition, observability becomes necessity
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in this particular case where the dynamics of the plant are to be
identified from input-output data for the purpose of applying adaptive
control. Llack of observability would imply that the plant could not be
properly characterized solely from input-output data. This would lead
to an erroneous plant representation and, in turn, an incorrect control
strategy. For the linear time-invariant system represented by Egns
(2-1) and (2-9) the property of observability can be checked by

evaluating the rank of the observability matrix My (14,40), defined as

Mo = [ CT i ATCT 1 (AT)2eT 1 ... 1 (AT)n-1cT (4-6)

Analogously to the controllability check, if the rank of My is equal
to n then the plant is deemed fully observable. If this is not the
case, then the rank defect of My indicates the number of unobservable
moces.

Controllability and observability are checked for the two sets of
dynamics used in this thesis (Appendix A). This is done with the aid of
the matrix manipulation and control design functions of the MATRIXy
package. Both models satisfy the full controllability and observability
conditions.

Another irportant consideration in the Porter method is that of the
location of transmissicn zeros. The transmission zeros of the plant,
defined as zeros of the equivalent transfer functicn representation that
block particular moces frcm the input, are regions to which some of the
slow roots of the closed lccp system migrate as the gain approaches

infinity. Output feedback dces not alter the location of transmission

N TN T e A
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zeros, therefore it is desired that these zeros be stable in order to

e, T

3&¢ insure system stability at high values of gain. This however does not

)

guarantee stability for lower values of gain for which the system roots

n
il

may pass through unstable regions before approaching the transmission

L&

zero locations. It is therefore imperative that the system's roots be

P

r SN 3B

checked throughout the design stages to verify the stable location of %\

the closed-loop roots. This task is easily accomplished with the Eé%

analysis tools provided by MATRIX,. 2

Of particular interest 1is the existance of a transmission zero at EF

the origin. This condition resuits from the inclusion of the pitch rate %&

in the output vector. The presence of a transmission zero at the origin g}

suggest that the system is unstable and uncontrollable (35) because of %ﬁ

the Jocation of a closed-loop system root at the transmission zero E%

e location. An analysis of this situation is required at this point. As ii
L X »

pointed out by Barfield (7:83-85) the transmission zero at the origin
results from the assumptions made in forming the eguations of motion for
the aircraft in which the following relationship between the pitch rate

and pitch angle is established

3= -
".’{*." o

”
(]

~
q =8 (4-7) NS
L
If g is to be commandsd with step functions, +# wculd ramp to infinity

due to the integration caused by the pole located at the transmission
zero location. Thus scme of the system's respeonses are untbounded for
bounded inputs. For any practical maneuver, q ccrmands resemble pulses,

more than steps, or perhaps some other sharce applied for a finite amount

78
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of time that produces a bounded pitch angle response. This is precisely

{I {l

what is expected given the relationship of Eqn (125).

A by-product resulting from the existance of the transmission zero
at the origin is that the introduction of integral action in the control
- law produces what is termed a "functionally uncontrollable" system (35).
The vector integrator that is part of the control Jlaw intrcduces
additional dynamics in the control 1loop. As part of the design
procedure, it is necessary to check for controllability of the augmented
system composed of the control law and plant dynamics (which may include
the actuators and sensors). A simple check for this is performed by

satisfying the following rank test (38)

|

i Al
rank 0 c

[
o |

+m (4-8)

-

Executing this test for the aircraft mogels of this thesis results in a
4 rank deficiency of one for both models in question. Again, additional
discussion is required at this time. A rank deficiency of one implies
'; that only one closed-loop pole is uncontrollable. An analysis of the
behavior of the closed-locp poles of the system (Azpendix D) reveals
that the uncontrollable mode corresponds to one of the poles at the
origin introduced by the vector intejrator of the control law. This
uncontrollable closed-loop pole at the origin acccunts for the
- integration that takes place dus to Egn (4-7). The fact that the

location of this rcot cannot be changed merely reflects the case that

the definition given in Eqn (4-7) must prevail in the resulting pitch

La
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angle response, The other roots of the system are controllable and

} :Eb their asymptotic behavior follows the theory presented in chapter 2.
The condition of functional uncontrollability is not considered an
. adverse indication 1in this design but rather a reflection of the
‘? assurptions made in defining the dynamics of the problem. The system is
1 then deemed conditonally stable for the particular design in question,
o’ and thus considered satisfactory for purpcses of this study.
’ 4.3.2 Design Variables. The key elements of the proportional
plus integral control law of Egn (2-46) are the proportional gain matrix
K, and the integral gain matrix K . Once the step-response matrix of
the aircraft model is known for a particular flight condition and
’ sampling time, the gain matrices are calculated acccrding to Egns (2-47)
3 and (2-48) using the following design variables:
p -'.f
" I = the diagzonal weighting matrix, dias{ ~ , ¢ }
: = the ratio of intejral to prcportional conirodl
{ The values of ¢ , ¢, and . are chosen so that se.eral ccjectives are
satisfied; the first of which is to stabilize the aircraft. After this .
is acccmplished the controller ds tailcred tc produce the desired e
tracking characteristics. The seiection ¢f trese Cosizn parameters in ?if
this thesis is based cn the use cf an afriraft modz’ trirwel at Mach 0.9 .5:
Y
and 10,000 ft. altitude, with a sa=plirg tire cf 0.01 sec. for the N
contrsl Taw. The wvaiue chosen for the sampiir: tims is considered :¢
sufficiently snort as to te poosicie to oievie 370 re’e.ant moiss of EZ
e
the open-lczp  plant, a=d is  within  tre Caranilicy  of  tre ;?ﬁ
- state-cf-the-art in fliznt cinorcl corputi=rs 2?}
S ::::::
- i’-';?}
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The Porter design technique is based primarily on the assumption of
linear plant models, and the availability of sufficient control
authority. The limitations imposed by control surface deflection and
rate 1limits make the system nonlinear. This situation dimposes
additional constraints in the design task. The problem then becomes the
formulation of a control law that provides for sufficiently fast
responses, with an acceptable level of tracking error, and while staying
within control surface deflection and rate limits. A trial and error
procedure is used to achieve this purpose.

Initial guidance in the trial and error process can be gained by
considering the asymptotic characteristics of the closed-loop system.
Recalling from the discussion in chapter 2, as the sampling freguncy is
increased the closed-loop tranfer function matrix (Eqn (2-42))

apprcaches the diagonal form

r(

r

) = d1ag _z —— D (4—9)

which contains only the fast roots of the system. This relationship
provides the insiéht as to how the system exhibits increasingly tight
and cecoupled control witn increasing gain. It is cbvicus then that by
proper selecticn of the elements cf the < welighting matrix the
trarsient resconses can be irdependently adjusted, and thus the speed at
which the cutouts follow trzir corvesponding command sizral from the
model aircrare. The level ¢f error in trhe responses can then be
adjusted by the selecticn of the ratio cof procorticnal to integral

contrel (0 ). This ratis atis cortrols sove of tra glcw roots of the
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system. Although not present in the asymptotic transfer function, at
finite values of gain these slow roots become observable and thereby are
present in the outputs.

The control law representation in MATRIX, is given in Figure 4-9.
Its implementation follows directly from Eqn (2-46) with the exception
of the block labeled "INTLIM" that stands for integration limiter. The
intent of this function is to stop the integration of the error signals
if any control surface is commanded to a position 1imit. The integration
of the error signals continue once the affected surface(s) leave the
maximun deflection position. This action can improve the closed-loop
system response signicantly (see Appendix D) in a manner analogous to
that discussed in the implementation of the actuator models.

A11 of the elements of the MATRIX, implemetation discussed so far
are now collected in the closed-loop simulation diagram of Figure 4-10.
The block labeled ADAPTZ implements the recursive identificaticn
algorithm and is discussed in section 4.4. The simulation setup of
Figure 4-10 permits a trial and error evaluation of different
cembinations of weighting matrix elements and proportional to integral
control ratics. At each design iteration, and prior to any simulation,
the poles of the closed-loop system are checked as a first means of
assesing the the stability of the design. If the particular selection
of design parameters produces a stable location for the closed-loop
poles, then a time response analysis is conducted via simulaticon. This
is necessary since tne clecse-locp pole location aralysis can only be
dorne for the linear representaticn of the system. The ncnlinear effects

can be better acounted for in simulaticns.
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4.3.3 Command Maneuver. In the case of a model-following

control law, the command inputs are typically a set of time histories
coming from a model of the simulated vehicle that is being tested by the
evaluation pilot. These model responses have to be modified by a number
of transformations that account for differences in geometry, attitude,
and speed between the model and host aircraft (Figure 4-11). To
simplify the design procedure, this thesis addresses the case in which
the host aircraft is following a model of itself at an identical flight
condition throughout a particular maneuver. This has the effect of
making the aforementioned transformation equal to identity. This action
is practically motivated since, in the case of the actual flight test
program of the VISTA it will provide a highly controlled experiment to
evaluate and validate the model of the host vehicle. The model of the
host vehicle will be required for grcund simulation efforts and variable
stability system control law developrment.

The flizht path angle and pitch rate time histeries used in this
thesis were obtainred from a real-time simulation of the AFTI/F-16,
conducted at the Flight Dynamics Laboratory's Control Synthesis Branch.

These time histories are shown in Figures 4-12 and 4-13.

4.2.%  [esign Simylatiors, A rovoer of prelimirary design

trials are accorplished  using MATRIA, and  its  sirulation  toold
SHSTEM-BUILD.  Variaticus of the elements of the ¢ weighting matrix
ard are parformed until the reponses ¢f the plant foilow clcsely the
madel commaris,  Values for tne elements of L were selected from g

rarje of 0.1 to 0.5 fer -, and 0.4 to C.z for - o Tre preportional

to integral ratic () was varied from 0.6 o 1.2,
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Figures 4-14 thru 4-69 show a representative sample of the design Ry
-y .:-:-
n simulations conducted. s
N
To assess the tracking performance of the system, a mocdel following :ﬂi
g
performance index is calculated for each of the commanded quantities. 93
g,
It is desired that the average response error absolute value of each 5:3
output quantity should not exceed the average absolute value of ten 37,
percent of its corresponding reference signal. This is expressed as 123
i
follows s
»
te tf AT
1 . . 1 . Y,
+ [ ‘ ym(i) = yp(i) ‘ dt <« — J 1 JA(yp()) 1 dt (4-10) Q;
J.01 .01 N
»
where the subscript m  indicates a model output, the subscript h 3;.
.’ U
h |

indicates a host airplane output, tf the ending time of the maneuver,

P

and the index 1 pertaints to the ith element of the output vector. In

addition to a model-following tracking criteria, the control surface e
deflections are checked for possible reaching of position and/or rate iﬁﬁi
limits. 2
. ) »
Based on the results of these simulations a final controller design S
is chosen that satisfies the desired performance specifications without Zf
putting serious demands upon the actuator deflections and rates for the tj
»
specific maneuver used. The selected controller design pararmeters are o
given in Table 4-2. :::::2
=
Table 4-2 ;"
Final Control Law Design Parameters -
0.3 0.0 | -
E= 100 07 } = 0.8 -~
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Figure 4-17. Pitch rate tracking performance index (de3/sec).

v = diag{ 0.1, 0.7 }, ; = 0.8
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Figure 4-18. Elevator deflection (deg).
£ = diag{ 0.1, 0.7 }, p = 0.8

: | |
& — 1 |
. .l L i - |
! i } ! ;
- .'é, 1 h ‘ ‘ gy ! ‘Ib‘h K :
_ .“ll ﬁ ! l ! 5 ) \ vlﬂ" Y \L, ’JJﬁ|I‘ | ’
a X - } A [ ‘ ~
- - “u Vv o ‘*’JI"\ ‘.-r"n.*“_','v‘ ."( ! i - e
W b e v
' Ty it ;
) |
i |
o 2 - 5 B 12 12 14 18 1S <3
TiwE =1 .
Figure 4-19. Elevator ceflecticn rate (ceg/sec).
© = diag{ 0.1, 0.7 }, . = 0.8
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Figure 4-54, Flight path angle command and response (deg).
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Figure 4-22, Flight patnh angle tracking performance index (deg).
t = diag{ 0.3, C.7 3}, . =0.6
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4,3,5 Parameter Variation and Sensor Noise. To assess the

IR ANRAS

capability of the resulting fixed gain control law design in the

presence of plant uncertainty, the controller resulting frcm the design

piranzters of Table 4-2 is subjected to step changes in the plant

Gsnamics by using a mocel of the AFTI/F-16 trimmed at a flight conditicn

AR NN,

or mach 0.3 and 10,000 ft. MSL. This is to represent either uncertainty
cn the knowledge of the stability derivatives of the aircraft, or simply
a change of flight condition of the host aircraft during a flight. In
acdition, several simulations are conducted with the 1inclusion of
various levels of sensor measurement noise. This 1is done either
inderendently, or jointly with plant step changes in order to determine

simulaticn fidelity. Results of these tests are

Although sesmingly compliex, the

proposed by Hazslund has relatively
Their specification is mostly based on experience

jiinzd Ly trial and errcor and a few analytical relationships as it is

shoan neat. Recalling from chapter 3, these design parameters are

arameter estirates

ault catecticn schere
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in their final selection.

4.4,2 Paramester Estimate Variance. The first of the design

parameters tc be considered is the desired variance of the parameter
estimates ( "a" in Eq (3-52) ). Simply stated, this design parameter
correspond to a specification of how precise we wish the parameter
estimates o be. The selection of "a" s conceptually a simpler
choice cc pared to the selection of the forgetting factor in the
standard RLS algorihtm, since it is not based on any assunptions of the
rate of change of plant parameters.

Typical consideratijons for the selection of "a" are the relative
magnitudes of the parameters to be estimated and the noise level in the
input-output data used in the algorithm. It may be argued that these
considerations are themselves subject of speculaticn by the designer in
thz case of unknown plants, however, this dssue is not censidersd a
critical one due to a pecuiiar propsrty of the algorihum used. Given a

particular level of plant eacitaticn and signal tc noise ratio, the

[o¥)
-
jot]
3
M
ct
D
3
<
(3}
5
-
{0
-3
O
iD

algorithm does its best to converge to the specified pa
by adjusting its time horizen for convergencs. Stability analysis
conducted by Hagglund indicate hcwever that if the signal to ncise ratio

hanrpers to be larger than the ore assums=d, the F masrix will nrzt

w

convarge to a-l, but it will be actually smaller (12:81)., This is
hardly any preoblem since the algorithm will then provize a higher
accuracy for the estimates than the ons specifizi. A few design

iterations can easily reveal a suitahle chcice 7er "a'., The particular

(D

value selected for this investigaticn is 5.0 E-5.
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4.4.3 Fault Detector Design. The next design step is the &k?
selection of suitable parameters for the fault detection algorithm. Its §E§1
design begins with the selection of the integrator gain y; in Egns ;:
(3-42) and (3-67). The value of y7 controls the number of most recent ég-
parameter updates that affect the estimaticon of the average direction in ;S:
which the parameter vector is updated. It is desired for y; to te gjﬂ
relatively high ( close to 1 ) so that a sufficient number of samples ;Zé1
are included in the estimate of the update direction, but not so high ;ﬁf
that it would delay the detection of direction change due to plant .\,
parameter changes. After conducting various simulations, the value of EE.
y1 = 0.85 was found to give satisfactory results for the particular ng
case considered here. :}x
The selection of yp in Egns (3-44) and (3-69) is based on the same éi
rationale used in selecting y7. Hagglund dindicates (19:39) that a 3%}
value ofF .~ = 0 9% corrssponde to the inclusion of approximately 20 of :1;
the most recent values of s(kT) in determining the stochastic variable ;;E
r(k7). This 1is considered satisfactory for this study since it only f’i
introduces a detection delay between 20 and 30 samples. Eﬁf
The remaining design variable, the threshold rg, is assigned a Egg
value that degends on the value chosen for yp, and what is considered iit.
an acceptable rate of false alarms for the particular design in :;
guestion. If a small value is selected for the threshold it is possible ia
A
to detect faults quickly, but the false alarm rate will be high. The f 8
chart produced by Hagglund, ilustrated in Figure 3-3, shows the jg'
compremise on false alarm rate versus the value of the threshold rg, Eéi.
for various values of  o. For this study it is considered that an 5:5‘
3
119 :1
0
2
T A T e e e e e e e
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v
b expected false alarm rate of one in one thousand samples s ..
LS
. . 3 . . . . . -
" g satisfactory, given the length of the design simulations. Using Figure T
J S
3-3, and the values chosen for y» and ff, a value of rg = 0.5 s ,
. ’
y selected. -
'\ >
. -
: . . . . o
. 4.4.4 Noise variance estimator design.  The design of the .
: noise variance estimator is composed of the selection of the residual ﬁ:
o
. weighting coeficient y3, the time delay compensation parameter r, and -
iy
= . . . \ . ."
' the threshold ry in Egns (3-50) and (3-60). Initially, Egn (3-50) is
N evaluated independently in several design simulations with a Gaussian :
- white noise source of known variance. These simulations are used to .
; determine a suitable value for 33 that produces results as close as
L. :.
- posible to the known variance of the noise generater. This is done with o
- T s2t to zero. A value of 3 = 0.95 is found to produce satisfactory y
1 y “\I ~ :
s resuics.
ol he time delay compensation parameter T is easily adjusted, -
‘ recalliing that the selecticn v previously mentioned caused a :
$ detection delay of approximately 20 to 30 samples. The parameter - is
.. therefore assigned a value of 20. Finally, it remains to assign a value
- for the threshold rj. This is done on a trial an error basis by
"~ repeztad simulation with the entire alzorithm, a~i noticing how the
j fluctuations in the parameter estimates affect the signal r(kT). The
. thresnld rp is usually chosen smaller than rp since it is desired to
excludz the effects of pararvster estimate transients on the residuals
] . 13 . . . - ..“
- used to estimate the noise variance., These transizsnts are typical in Y
- T .j
: this type of estimaticn algerithms, but are nct recassarily the result ‘;1
- o
of plant parameter charjes. The threshcld rp = 0.2 is used in this . q
N »
!- ~I
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LS
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., Tt
}’_ A This concludes the dicussion on the selection of the primary design

variables of the identification algorithm. Several practical

..
f..-:

o considerations however, make necessary the use of additional signal

A

Ex processing technigques to complete the implementaticn of the !
7’\ identification algorithm. Section 4.4.5 discusses this topic.

A :
'E: 4.4.5 Practical Signal Processing Considerations. In order to

ﬂ?i implement ( and 1in some instances improve the performance of ) the

;{j identification algorithm, it is necesary to use a series of additional

EEI filters to ensure that the signals used in the identification ard the .
iC: control law design process are well conditioned for such purposes. For )
js example, the estimation algorithm is designed to use perturbations of

_ﬁa the plant's input-output signals, however, the sensors typically provide

A

>
]

"3 ;“ data on "absolute" m=asurements. In other words, the measurements
e U(kT) and Y(kT) are composed of nominal values U.(kT) and VY_(kT), 4
:i and perturbation signals wu(kT) and y(kT). This can be expressed as ]
."
)
~
Ol :
- UCkT) = U.(KT) + u(kT) (4-11) :
AN , o .
. Y(kT) = Y (kT) + y(xT) (4-12)
e,
fﬁ' In th2 casez cf the cutput sizrnal, the nominal value Y (kT)  may ke y
azs.med oas tne comranded gquantity. Then Egn (4-12) may be us=d to
‘..
‘}ﬁ cotain the perturbations. Unfoturately, the procedure for obtaining
?x U (kT) would invclve inverting the mcdel of the plant which is of course
'd
‘v
. whit we are tryiniy tao detarmine. It is hiznl, desiratle to use a
- 121
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technique that does not requires knowledge of the nominal measurements.
Assuming that any changes in the nominal values (caused by the maneuvers
of the aircraft) are slow compared to the sampling period, so that they
remain relatively constant between any two consecutive sampling

instants, the perturbations may be approximated using the differences

UCkT) - U{(k-1)T3}

14

u(kT) - u{(k-1)T3

€

su(kT) (4-13)

2
xu

Y(KT) = Y{(k-1)T} = y(kT) - y{(k-1)T} = ay(kT) (4-14)

These differences essentially produce a high-pass filtering effect on
the measured quantities, thus removing their ncminal components.
Instead of w(kT) and y(kT), the signals au(kT) and Ay(kT) are

used for the parameter estimation (25).

I
O
ct

ncther censideration in the conditicnin of input-cutput data,

@
W

especially in the case of a tracking control law, is the effect that
changes in the command signal have on the parameter estimates. Because
of the high-pass filtering effect of Egns (4-13) and (4-14), ahbrupt
changes in the ccmmand signals to the closed-loop system prcduce spikes
in the input-cutput differences au(kT) and ay(kT). These spikes are
reflected in the residuals that ars used to ugiats the pargweter and
noise variance estimates by virtue cf Eaqns (3-C1), {3-83), and (3-€0);
thus producing spikes in the parameter estimates themselves. This
effect is highly undesirable, hcwever, a reducticn of tne paramster
variaticns can be achicved by filtering toth the drput and cutput
differences with identical low pass filter alzzritn~s. \aricus forms of

Tcw pass algorithms may be used for this purpiss. Tre crme seleczted for
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- :
iﬁ this application is of the form ¥
SN :
h se(kT) = (1 - €) 3¢{(k-1)T} + ¢ a(kT) (4-15) ol

‘ ~
v where o
. 3
b - A(kT) = dinput(output) difference signal ~

8 A¢(kT) = filtered input(output) difference signal .
" ¢ = filter constant P
o 0
% -

v 7

‘ The filter constants must be identical 1in order to preserve the .
- s
A input-output relationship that defines the plant. The value of ¢ s -

» te

[3 ‘J‘

) selected again by trial and error as a tradeoff between the desire to Ny
e attenucate noise spikes in the input-output data, and the need to
2: maintain sufficient excitation in the input-output perturbation signals.
j The value of ¢ = 0.2 represents an acceptable comprcmise for this
& -

. ‘o study. .
- K
N To deal directly with the prcblem of noise spikes, and/or abrupt N

f: variations of the parameter estimates 1in gersral, the estimates p
A themselyes are filtered tbefore they are used for any control law "
calculation. Tne form of the low pass filter chosen for this function A

is a discretized versicn of a simple first order aralog filter given by :j

- <+ ( 3-16 ) .".
Tre discresizaticon i3 azoorotishel by usiry the Tustin transformation .

(22) gi.en b, et

2 hE FREE =

. e > R (==a?) -
SN -
N 123 .
Py }
‘ =
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where s is the Laplace operator, T is the sampling period and z is
the discrete Z transform operator. This results in the following

filter algorithm

0 (KT) = ¢1 0f{(k-1)T} + e [ o(kT) + o{(k-1)T} ] (4-18)
with
2T (4-20)
where éf(kT) is the filtered parametzsr estimate.

Although this low-pass filtering helps, often the transients are of
such magnitude that the filter may "charge-up" to a very large offset as
compared to the magnitude of the correct parameter estimate. In that
case it may take the filter a lcng time to return to the ncminal
estimate depending on the value chosen for ., even though the estimator
itself may return quickly to the correct value. This situation can
cause a slowsr rate of adaptation than desired. A very simple way of
solving the problem is to implement a rate limiter at the input of the
parameter filter to restrict the magnitude of the fluctuaticns in the
incoming estimates. Because the relative magnituce of the individual
parameters may vary significantly, the rate 1limit is not set to an

absolute quantity, but rather expressed as a percentaze variaticn from
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j the last input received to the parameter estimate filter. The final
< -,
; 5&? version of the parameter estimate filter is then given by the following

algorithm

For each element of of the parameter vector @, ijterate thru

IF | ef{(k-1)T} | > A THEN (4-21a)
¥ 20 R (KT) = | oif (k- DT} 135 (4-21b)
A ofpL (kT) = eig {(k-1)T} + ...
g MAX{ - s0ip (kT) , MIN[(oi(kT) - oTR {(k-1)T}) , soip (kT) ]} (4-21c)
e
- ELSE
" " -~ £3 ~ . -

s ofgL(kT) = o1(kT) (4-21d)
3 ENDIF
OFf(kT) = ¢1 0Tf{(k-1)T} + ¢p [ ©fRL(KT) + o {(k-1)T} 1  (4-21e)
where
A is a very small rnuvhber (= le-6)
. 301g (kT) is a rate limited parameter estimate increment
N = is the allowable percentage of the last input to form the
A rate linit
oiRL(kT) is a rate limited parameter estimate
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and ol¢(kT) , ¢1 , ep are defired as befcre. The magnitucde test in the
begining IF statement is necessary in case the parameter estimate passes
through zero.

If this test were not includsd, because the maximun and

minimun T1imits in Eqn (4-21c) are dependent on the magnitude of the last
incoming estimate, the filter would "lock on" to a value of zero.
Therefore, when the estimates are within a very small band around zero

the 1imiter 1is bypassed and the estimates are fed directly into the

low-pass filter as Egn (4-21d) indicates.

The filter pole location « and the input rate limiter percentage

value = are both design parameters and are adjusted by trial and
error, The values of « = 2.25 and =z = 25 are used throughout the
study. The filtering procedure Just discussed helps 1in preventing

transients to be passed on to the calculation of the control law in Egns
(2-47) and (2-48) and therefore improves the performance of the adaptive

control system.

Another way of improving the the performance of the estimaticn

algorithm in the presence of noise is by proper scaling of the parameter

~

vector o and measurement matrix 1. Although not formally a sigral

filtering technique, the scaling of these variables helps to increase
the dynamic range of the identification procedure in regards to noise

level effects. When the standard deviation of the noise level is

roughly the same order of magnituce of some of the elements in the

parameter vector, the estimites of those parameters may suffer from

large transients and biases that may leaZ to clcse-lcop instability.

This is specially true for parameters that are very close to zero, for
example, elements

of the sten-response matrix correspornding to a mode)
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of an aircraft at a flight condition characterized by Jlocw dynamic
pressure and low control surface effectiveness. If an estimate of a
particular element of H(T) goes to zero or cscilates suostantially
around that region because of noise or poor input-ocutput excitation, the
control law gains become undefined or vary wildly because of the inverse
relationship between H(T) and the control law gains. This situation may
then lead to instability if proper precations are not taken.

The scaling of o and 7 may be used to help reduce the effects of
transients, and it can be carried out in various ways. The method used
here comes from Egns (3-9) and (3-11). If one considers the response of
the dicrete system given by Eq (3-9) at t = T ,with zero initial

conditions and input v(0), we have

y(T) = By u(0) + «(T) (4-22a)

I

TCB uw(B) + +(T) (4-22b)

Eqn (4-22) can also be expressed as

y(T) = == TC8 T u(0) o+ (T) (4-23)

~

which suggest that by multiplying the elements in ¢ by the sampling
freguency (f = scale facter), and the measurement matrix 7 by the
sarpling time, the mainitude of the parameters can be scaled away from
the noise le.el whiie maintiining the same dnput-cutput relationshig.
Gther scale factors may be applizsd, hoaever consiceration must be given
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always to avoid making the magnitude of the elements of measurement
matrix too small. The scaling procedure makes it possible for the
algorithm to provide better performance in envirorments with increased
sensor noise by reducing the effect of parameter estimate transients in
the closed-loop response of the systen.

The case 1in whi:h the estimates go to, or pass through zero
momentarily are handled by evaluating the step-response matrix before it
is used in the control law calculations. Parameter estimates resulting
in a singular step-response matrix are discarded and the control law
gains are not updated until new estimates are obtained which result in
an invertible H(T).

As it was mentioned in section 4.3.2, all of the elements composing
the didentification algorithm and control Jlaw design eguations are
implemented in MATRIX, in the block lateled "ADAPT2" (Figure 4-10). A
more detailed look of which is shown in Figure 4-70. The delay blocks
labeled "DEL U" and "DEL Y" generate delayed samples of the input and
output signals used in forming the measurement matrix 7. The block
labeled "ADAPT" is a FORTRAN subroutine that implements the estimation,
filtering algorithms and safety checks Jjust described, and the block
labeled "P INDX" implements the calculation of the medel-following
criteria given by Egn (4-10) as shcwn in Figure 4-71.

To consolidate the discussion on the design of the recursive
identification algorithm, a 1list summarizing the values of the design
parematers used for the estimation, and the signal conditicning filters,
is provided in Table 4-3. Chapter 5 will summarize the results obtained

comparing the performance of both, fixed gain, and adaptive controllers
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5.1 Introduction

This chapter presents the simulation responses obtained by
applying the design procedures described in chapter 4 of this thesis to
an AFTI/F-16 aircraft model used as representative of the VISTA/F-16
dynamics.

The main objective of this study is to determine the effectiveness
of a parameter-adaptive control system in maintaining model-following
fidelity for an in-flight simulator under changing conditions. This is
accomplished by properly adjusting the control law based on information
derived frcm input-cutput data measurements that reflect the current

(-; characteristics of the host vehicle.

This chapter is divided into two main sections corresponding to the
evalustions performed on a fixed gain, and a parameter-adaptive control
system. Each section in turn includes respcnses detailing the
individual system's behavior under conditions of plant parameter changes
and sensor noise. This is done to establish a comparative base upon

which the virtues and deficiencies of each approach can be pointed out.

5.2 Fixed Gain Controller Respanses -
R
5.2.1 Plant Parameter chanzs. To assess the effect of either e
plant parameter uncertainties or changes in the model following tracking =
Y

performance, a fized gain control law based on the design parameters of }ﬂ
)

. N . Ll

Table 4-2 is tested. The input commands of Figures 4-12 and 4-13 are ~
g
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used. At six seconds into the simulation the plant dynamics are changed
from a model at Mach 0.9 to one at Mach 0.3 (both at 10,000 ft.), to
obtain information on the robustness properties of the control law. The
simulation responses are shown in Figures 5-1 thru 5-83.

Figure 5-1 shows both, the flight path command input (solid 1line)
superimposed on the host aircraft response (dashed line). It is obvious
from this plot that the control law offers sufficient rohustness to
maintain the level of tracking for this command input. This s also
exemplified in Figure 5-2, which shows the model-following criteria as
calculated from Egn (4-10). The solid line represents the average error
absolute value response, and the dashed 1ine represents the average
absolute value response of ten percent of the reference signal. The
error response is clearly below the performance 1imit specificatien.

In the case of the pitch rate response, the situation changes
drasticaily as shown in Figures 5-3 and 5-4. These Figures follow the
sare notaticn as Figures 5-1 and 5-2, as well as all the remaining
aircraft and performance indsx plots in this thesis. Althcugh the
response of Figure 5-3 demonstrates the ability cof this particuiar
control law design technique to provide satisfactcry control in the
presence of plant parameter uncertainty, the magnitude of the change in
plant dynamics is sufficient to viclate the model-following performance
critericon, as depicted in Figure 5-4. Fijures 5-5 and 5-6 shcw the host
aircraft's elevator deflecticn, and elevator deflection rate. Those
correspanding to the flapsron deflection and deflection rate are shown
in Figures 5-7 and 5-2. A1l of th=se control surface responses are well

within bounrds, and considered acceptable.
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‘'nocentrol Jaw., Plant parameter chanje.
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Figure 5-4. Pitch rate tracking performance index (dez/sec).

Fixed gain control law. Plant parameter chanje.
o}

"o
I

AR AP APET
'ff*f et

Pl 3
]

T IR L

>l ol NN
.

3
P

P S N Tt bt
Ve

., 'l | R ] l"‘ - a3 .II
RN "-."',I:."- A

a

Tr 7y




[ M

B R

Ly /DA A Rt P

A &

P R R A A

P M

S NS A A AR T O B i S S A i et DAt g S L SRS S O R AN SR A A St S A e N

Figure 5-5. Elevator deflection (deg).
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5.2.2 Plant Parameter Change and Sensor Noise. In addition to

rcbustness to plant parameter changes, it is dimportant to demonstrate
the influence of sensor measurement noise in the closed-locp system
respeonse. Each plant output measurement is corrupted by zero-mean,
white gaussian noise added to the simulation by the "noise" block
location in Figure 4-8. Figures 5-9 thru 5-16, and 5-17 thru 5-24 show
two representative samples of the fixed gain system responses to noise
levels with standard deviations of 0.0573 deg (deg/sec for pitch rate),
and 0.314 deg (deg/sec for pitch rate) respectively.

The most noticeable effect of sensor measurement noise is that of
increased control surface deflection and deflection rate activity,
particularly the latter. The effect on tracking performance, however,
is hardly noticeable.

Althcugh the control surface ratas shown in these Figures are below
the specified Vlimits, the sustained level of effort required from the
actuators indicated by these Figures may represent a severe demand on
the aircraft's hydraulic system. These results merely reiterate the
need for high quality sensors, in combiration perhaps, with
complementary filter functions to achieve Tew noise level

pecifications. This is particularly appropriate in cases where high
3'n control laws like the ones use? in this thesis are applied. The
ezl for : ise levels will Etecome more evident when the
irput-outout measurerments are used to update the control law gains as in

the case of the paramster adaptive cintrol law which is presented next.
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Figure 5-9. Flight path angle command and response (deg).
Fixed gain control law. Plant parameter change and sensor noise.
(std. dev. = 0.0573 deg)
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Figure 5-24. Flareron deflecticn rate (cei/sec). -

Fixed gain control law. Plant paramstzr change and sensor noise. f.
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Parameter-Adaptive Controller

5.3.1 Fixed Plant Dynamics. To become familiar with the

characteristics of the parameter-adaptive system under various
conditions, its performance is tested in several stages. The adaptation
mechanism is first tested with simulations 1in which the dynamics of the
aircraft model (at MACH = 0.9 , 10,000 ft.) are kept constant. The
purpose of this test 1is simply to verify the capability of the
identification algorithm to track the parameters of a known model.
Initial testing is done without scaling the difference equation model
(see section 4.4.5). The identification algorithm is initialized in all
simulations with the parameter vector obtained from the transfer matrix

of the indicated model {(see appendix A). The covariance matrix is set

to a-I, and the prediction error variance is set to 1 x 10710 deg?

(degz/secz). The adaptation mechanism is not switched on until two
seconds into the simulation to allow time for the measurement matrix to
fi11 up with past irput-output data and for the prediction error
variance calculation (Egn 3-60) to stabilize.

Figures 5-25 thru 5-32 show the aircraft responses in this
simulation. As expacted, these do not show variation in tracking
performance frcm those of the nominal design case of Figures 4-22 thru
4-22, The only noticeakle difference is a slight increase in control
surface deflzction raszes. Tnis ds attributed to the transients that
occur in the filtered paramster estimates that are used to update the
coentrol law gains. Figure 5-33 shows the fault detector test signal
r(kT). Althcuzh the signal sncws several significant peaks, it remains

at all times below the selected threshold of rg = 0.5, thus indicating
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that no abrupt plant parameter changes are reported. This is also

expe«ted since no change in aircraft dynamics has taken place. Figures

5-33 thru 5-41 show the estimates of the elements of the step-respcnse
matrix, both filtered (solid lines) and unfiltered (dashed lines), and
the correspending diazcoral elements of the parameter covariance matrix.
Althcough these plots show the estimates undergoing several transients,

their average values remain close to the actual parameters. The

variations in the magnitude of the filtered estimates are considered

tolerable given the rcbustness properties of the control law.

The periods in which the estimates show the greater deviations are

usually assocciated with the instances where the control surface

deflection rates undergo spikes. These spikes are due to abrupt changes

in miagnitude and/or direction in the command signals. Here in

particular thcse of the pitch rate ccmmand. When the estimatien

algorithm detects thz higher level of excitaticn to the plant, it

quicxly disccunts ol1d data to keep up with possible changes in the plant

dynanics. Fowever, the sudden removal of that excitation (surface

defl

[4¢]
-t

ion rate spikes ends) causes the algorithm to slow down {or stop)

mcmentarily  its disccunting of old information to match whatever
infcrmaticn content the current dinput-output data might bring. This

alss repressnis @ sicw CoZwn in adaptation rate. This action may happen
+ e

at a miment in which the current estimates are far away from the tru

tc thz aizoritnm's search in different directions of the

function.

pararster cnzze tryiny to minimize the

t-szuares cost

That Leirg tre case, it rmay tabe some time for the algorithm to acguire
ercuzh informition for it to provide more accurate estimates ajain,
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5.3.2 Fixed Plant Dyramics and Sensor Niise, Tre previcus

simulation setup is used here again, this time to assess tre effects of

sensor measurement noise 1in the identification procedure.  Becauce of

the relatively small magnitude of scme of trhe elemznts of the
step-response matrix, the noise level that can be tolerated (withcut any
additional safety net type features) is significantly smaller than that
of the fixed gain system. Figures 5-42 thru 5-£3 show the results
obtained with a noise standard deviation of 0.00181 deg (deg/sec).

The aircraft's responses in this case are almost identical to those
in the previous simulation with the adaptation mechanism, but with still
higher control surface deflection rates due to the corrupted
measurements and transients in the parameter estimates discussed
earlier. Despite this, no degradation of tracking performance occurs.
In contrast to the tracking performance, the responses of the
identification algorithm are significantly different from the previous
ones, The fault detector signal, for example, 1is shifted in mean value
from zero to -0.5. The reason feor this behavicr is that the fault
detector algorithm is derived under the assumption of an ejuation error
term with "white" noise characteristics around the nominal parameter
estimates. The introduction of the input-cutput perturbation filter

given by Egn (4-15) has the sids effect of reducing the nois

v

[t

Spectrum,

thus producing data ccerrupted by "colored” noise irstead. It is a well
P

kncwn fact that "colored" noise produces bias in the parameter

[1¢)
73]

estimates, and it is those bias=s which are being reflected in the mean
of the fault detector signal. It is important to note however, that the

property of the test signal as an indicator of ahrurt plant parameter
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Figure 5-42. Flight path angle command and response (deg).
Adaptive control law. No plant parameter change and sensor noise.
e (std. dev. = 0.00181 deq).

)
>
®
o)
ti
b
»

D
[

(std, dev. = 0.

AR A - he AR i g .







g NN i I-ﬂ WY Ty X Y YTy Y v - - v
» . \ ; - < ot . € LK R 4
“x ) A . s . N\K- 5L n-.-um-- Ve
RV 2 A N P o 2P ST Ry U Gy .l\.lhhb\ llt!‘hﬂlh Paga ™ “-lat.lnil

28
2
(£

40
40

k
14

—_—
]
—_—

==
=

L

[ P
e
1.

[

-
el

1L
¥

=1
i

i

1.0

l-l
——

m
I
I

.25

-
v
0

)

{




Ol "G . S o o . S ol afihaig ol
}'\"x'k"x‘f’a’."\."\‘.r\‘?'-." A e WV T VN T T T T T (T e (T oW
h Y
Cal

uY
T
b

AJ
“?

i
] .
[y k’l:’

.,,
S
[

-
-
AL [k ul Aty ( Cal

[

IVIVIIVYTIIIII

A
VAV,

14

s B _a
,~.F .y
Q

TASA
1

i
p

lvvlllvTI]v!vl

2,
h In

18 20

IRy

1

[
(8]
N
&
[
(o]
-
0
[
]
-
n

TIPE (SEC)H

.
-

1 "*‘
ot
Fut. . X
‘jj E1gure 5-44. Pitch rate command and response (deg/sec).
" Adaptive control law. No plant parameter change and sensor noise.
N L (std. dev. = 0.00181 deg/sec).
" . I -
!"; .
v’ -
'ﬁ" Gz 1——
.\é ‘L y
~ —, .y L
O L ’
5 1 ;
. !— .
. Qs — -
L >
C /’\\ﬁ —————— T )
\“'/’\\\ L
- -
" i a p 4 6 s 18 12 14 S 18 20
._._" TIFE (SECO !
" Figure 5-45. Pitch rate tracking performance index (deg/sec). .
o Adaptive control law. No plant parameter change and serc<~r noise. '
(std. dev. = 0.00181 deg/sec).
gl . '\.~
2N
N 160
{ ]

.
IR T e LA Y ‘.,.‘.‘.‘-'t'-‘~‘n‘~'.'-"

S e e S Tl T T N S I Wt
TR AN TR ORI R IO



. e ot A" 0 el e bt ia® tat Mt e 88 e o ee A8 8%A 8% 8'a Atn: prvep .
R YA ' ANA A a¥u "9 5409 VLR W U e R bl g, PO 250 00 tat I o a0 Sk el L A SR AN AR A

Po.

R AAL A L £ T R

111!'!!!!]!'!'
Yo

1
X
i LY
I | Y
%] I k‘l ~
h Y
- >
a b
= "'
r v
2 r | 1 [ [P | i ! P | I ’f
Q 2 4 =) B 1@ 12 14 16 18 2Q ',‘
TIME (SEC) .
v
. Figure 5-46. Elevator deflection (deg). I
Adaptive control law. No plant parameter change and sensor noise. ¢
= (std. dev. = 0.00181 deg (deg/sec)). e
‘ 4 a4y - | !
- N
—~r - .‘
e -~ e
- N
F N
s E— i ’:.
; | '
19 — ‘\ "
! < | . N
E I |3 I "Nw ‘ [T ' l by
a ) L L " . JURMRS ‘_5,"‘ wi ! M‘ﬂ ‘.sﬂ*‘t{ﬁl L :
- S T e AR SO P ’ w it -
i l | *
b i
_1;‘] — '
- F
; | )'
L »
-73a :_ I -
s i =
. ' -
a < - (Y 8 13 12 14 16 18 e}

[Pl

. Figure 5-47. Elevator deflection rate (deg/sec). R

Adaptive control law. No plant parameter change and sensor noise. -

- (std. dev. = 0.00181 deg (deg/sec)) '
161 R

A

L

L ;A;A;;;.;;:ﬂjﬁfiféféfé“éfifﬁia’nfﬂ’nfsfufxf"%’%’~;“'""}“'?}FJ?L*LA,?'}’T';'“}f}?}‘}f}“}“}"}?}“}‘}“'j}‘}?'?}“

Lo N e Y )

-
-

7S
..;4‘—‘

-('_,|..

'&!

[N NN A A

,—k‘;‘.')'!tn‘r.

L4 -
", AR J"-‘ .

)

RN PN

LS A



-
-
%
-
y
.
.
.
-
A
',
-
]
~
-
-
]
3
&
-
G
o
-

LA AR
S

r

i J
.

4 Y J::;)

»

VS

[1)]
C

Il!ll!!]rrv
y A
,

.

PR AS

[N
»
.

U A Y

-2

)

A

wr

-

TT]IIIIIII

R T R NSRS AU SR NS S

At

<‘x
[

0
N
E Y
[
o0

18 12 14 16 18 20

TINE (SEC)

oW
A RN AN
1
tat e

,
[ §
alele

Figure 5-48. Flaperon deflection (deg).
Adaptive control law. No plant parameter change and sensor noise.
(std. dev. = 0.00181 deg (deg/sec)).

crne
&

43

T ‘ Y‘!‘T17'Y“T ' T°r e

<,
‘." S’ 1 ]

0
[A] [A]
L
2
\
-3
B
o
¥
P
= ':—.,f‘.rs
A .

i o o a4
] b
4 '
) 4
ety
. 1}
}\55ﬁ}}ﬂ ’

AN A
>

.J‘l»,#.,k,w‘.j'A L«\'«-J',," ‘ TR N

b gt
' L e Te ) [RPT0) Dt ML PAY —
. . | s RN ~ \‘-"‘j’. ! I

P naan o 2 g o

<

-

- a4l

YVI‘V‘VVIYY7"'V_V

Q
3]
I
o
o
]
11
+
o
-
0
[}
[ 4]
. TP

Figure 5-49. Flaperon deflection rate (dz3/sec). :
Adaptive control law. No plant parameter change and sensor noise. A
(std. dev. = 0.00181 deg (dez/sec)). ’

Y
.‘

i T T T I
V)
R B

Pl
L ] .
KA

[}
P

Lttt T AN e e e S e et T N et
P N N O L G R

..
PP, “Y PP WPl R

e
Sl O S O BN S S W
TU PRV £ S UPEACNO OS ANI

LAAR

- - A W e S I T R S
\ur'h.':--,'»_ﬁ'h-r‘-‘h -J:\-‘_‘-i. -."\zd_‘-‘:\‘r‘-'_'\";\ar‘-4_

4

AKX




|

)

Figure 5-50. Fault detector test signal with sensor noise.
(std. dev. = 0.00181 deg (deg/sec)).

163

QARIROTE T G T Wy

)
‘o

.- -,
v L)
- ‘.
\...
(N
Ny
)

8

.
.\-
“u
,
x
,
JAS
)
.‘:'.
o
RS,
l"‘
-~
o
N
'

L)

et TR AN e N g SN A A A T
WL CROA RSSO S



1g

16

14

1a
TIrE (SEC)

LLIh_-—__—in -——..—-.—»L.

.@az
-.Q06

rrILlS S

ARRRRRAIRARAAN

(kT) with

3.

0.00181 deg (deg/sec

Figure 5-51. Estimate of step-response matrix element h
sensor noise. (std. dev.

» ) K .
----.-. LN ..- ‘s L

.-
s T
il o
v
MJ/
s
I|\|.|.ll\|
| me——
g
T
Y
- —
T
o
JEN
.
-
e
-
=a_
~
L
r
\
. LT
—_—Z
=
I =
‘I.\
-
e
“ ll
r~
A
— T
—_ hl||7!l x )
—% _
B
Y
-+
— -
|-
i
. | ) . _
| AP O AU S AT I IO O AT GV I AP S
. i, Al -
" J 3 s by
e . 0 Y I
¥l P Y . %] A
! a [

vl vl v

\\lerAWRﬂr O XA

PYREATNYSY RN B

16

ement p11(kT) with senscr noise.

0.00181 deg (deg/sec)).

Figqure 5-82. Ccvariance matrix e)

. - s O "
i & .-;-.- ....\-. :
LR N A

(std. dev. =

v waxid

s
-

’e

3,

164
' ."f:d‘_:v‘

-._‘. ..",:-‘. eta .'_‘-‘_',.

N _’ PATOETATR I

NN



% ]

120 0%0 2" 0,40 2%0.0"Y

,
)
: -
: ot .ez2 r
: .al :—
\ o |
L
' ° L [N | i
) -
» -.@o i | ! ' 1 i N [ ! | |
; Q 2 - 6 8 10 12 14 16 18 <a
[
' TImE (SEC)
: Figure 5-53. Estimate of step-response matrix element hy»(kT) with
sensor noise. (std. dev. = 0.00181 deg (deg/sec%.
-‘.' oo E‘* —
........ ‘l
: F l'; ! ll‘*l T
S ‘ I L ‘ il 1| ;
: SR B T
RTINS < :, ‘\ , ; { “ l"‘ 1! ; §
'“ AU oo J |
- | : . (] !
. - I I” ' 7 ’ [ l { I
T T LN ]’[
e LRI I A
et R T : i
. - }” ‘ hl ! t Ii\"_' l l «)ll ! { J"H
RIS Z— . ; oo \‘"J ,‘\ : “"}.J "*I - \‘
S R -
a
a oy + 1) B8 10 1z 14 16 18 l0
N TimE (SECH
5 Figure 5-54. Covariance matrix element po2(kT) with sensor noise.
(std. dev. = 0.00181 deg (deg/sec)).
. -
?ﬂ
165
R A A A A S R e

ey

x

AAAS

LN IT RN e e
A

r ’
0" T
P LD P

2

o

- ‘."1"‘, ',

.y
1"""'

Ps

- T'W-"
LA AP

.

X
L
"

» -1'_'-' ‘/‘ .

s

-
o

- .
T
' e

SR ST NR S
& Y

1
R R )

L )

,.....
VTt
L}

e e A
IROIEN

i
¢

S'S't ‘& 8,

PP

RTILSE
-



IIIITITTTTVIIIIIIITTY1I1V

TIME (SEC)

Figure 5-55. Estimate of step-response matrix element hoq1(kT) with
sensor noise. (std. dev. = 0.00181 deg (deg/sec%%

L RCus

s ISISIN )

I / s . : y
L 3aC0% L l “ b ‘1’ : *

prere rrrr[‘rvrxlrrv—r]vy?r] VY'I‘

: : | o
7 o - i "
’ o -
' - .-l
g TR P R
.: 3] z < &6 g 13 1z 1 16 18 z .
. TimE (SETD C
: ]
L4 -
; . . . . -
o Figure 5-56. Covariance matrix element p33(kT) with sensor noise. -~
. (std. dev. = 0.00181 deg (deg/sec)). =

-
166 i

.- ... F S R T P S
a e _._:-._'... T NN T T T
AA AN AT A A A atelAala®alatatatatatatal




Y TN . » TG R AL T y .
l"‘ -.._._- v PO Sttt AU e ataT"erh LAY I R R AN 2 N TAT w LS S A W

::.: ':::", -.@8s
y A

T Xy

L]

v
L4
!

»

-.1@S

.

P T e
'.r"hwf

Tllllllllll|TYITYTY[YYYTI'T'T
\,

16 18 28

J.'\J.}J
1
-
-
n
]
N -
P
[ T .
|
L
o =
-
s
-
N
-
v |-
Aok ol £ L L

TIME (SED)D

5-57. Estimate of step-response matrix element hoo(kT) with
sensor noise. (std. dev. = 0.00181 deg (deg/secgg

.

F Ll
[N
-
l"
B |
) —de
A} [{®]
L C
L=
1)
sbttd d L LLA

A
a I'Il‘ *
e

.
]
H
TTrr
N s

Y
ey

hY

Msisiviais)

Ly

4

-3 PRSI )

. Qeaaz

TYor X V‘WTTI Ty ]""I'T"l

YY‘Y!][

-

TIi=g (SEC)O

NN
PN

Figure 5-53. Covariance matrix element pyi(kT) with sensor noise.
(std. dev. = 0.00181 deg (deg/sec)).

Wy

-
»
)
~
A

4 ;"l; - »
AN

167

.. -. -\.-.;. -J‘.'{.f * ." -’ AR RER TN -'."’-“.-*i'.y.. AN

Sl

.
-

ATN"s " ~ x‘_v_.'\-l..\','-.,\_, '.'.\;_ . . ' ) . . ;'-°'.".." ;f_‘f"l"-":'..{\f_‘«:. v,




.......

changes remains unchanged. The shift in the mean value of r(kT) is
easily compensated for by simply adjusting the threshold levels of rg
and rp to account for the new mean signal value of -0.5. This action
takes place a few samples after the algorithm is started, to allow for
initalization transients to fade out.

The parameter estimates in this simulation show considerable noise
jitter superimposed onto them with a corresponding increase in their
uncertainty as signified by the plots of their respective covariance
matrix diagonal elements. The fluctuations of these estimates around
their nominal values however, are significantly smaller than those of
the simulation without noise. The reason for this is the additional
excitation that the plant is receiving from the control surfaces, which
helps the identification process. This additional control surface
activity is the result of the control law trying to maintain tracking

performance despite the fluctuations of the measured variables due to

senscr noise.

5.3.3 Plant Parameter Change. The next step in the testing of

the parameter-adaptive system is to assess its capability to track the
changes in plant parameters and consequently maintain the tracking
performance at a specified level. This is accomplished by running the
simulaticn and specifying a change in the plant dynamics model to occur
at six seconds into the simulation. The new set of dynamics corresponds
to those of the AFTI/F-16 at a flight condition of mach 0.9 at 10,000
ft. MSL (Appendix A). The simulation responses are shown in Figures
5-53 thru 5-75. When didentification of the step-response matrix

elements takes place, the tracking perfcrmance improves dramatically as
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shown in Figures 5-61 and 5-62 for the pitch rate response. This is in

;;j comparison to the performance of the fixed gain system in Figures 5-3
’
and 5-4.
&
Another noticeable characteristic in these aircraft's reponses is b\
W
the encountering of flaperon deflection rate limits. This is attributed e

to the change in direction of the pitch rate command at those particular

instants, in combination with fluctuations suffered by the parameter

o \ ..c.n.v.
e e
P Sl S S WL NN a

estimates at the new flight condition. The new set of plant dynamics is Et
characterized by a step-response matrix with significantly smaller :;~
elements than the previous one. Fluctuations in these small numbers are E:
bound to produce large variations in the control law gain matrices, and ;El
therefore larger deflection rates. The encountering of flaperon rate &:
1imits however, is not considered a severe problem in this simulation Eéa
- since the instances in which the flaperon is rate limited are very E::

&

short, therefore not affecting significnatly the stability of the

.- ‘-, -./~
. .
R ," ." e

system. -
o
N
The performance of the identification algorithm is considered very S
)
good. The fault detection algorithm in this simulation clearly njﬁ
.-I-
. . . . . . S
indicates the abrupt change in the plant dynamics as shown in Figure NG
~Ty
5-67 by the peak of r(kT) exceeding the threshold rp = 0.5. The D
)
abrupt change in the plant's step-response matrix elements, tcgether :u;|
. : e . . o
with the identification c¢f the new parameters and parareter variaries 1s RS
shown in Figures 5-€3 thru 5-75. ;o
)
.._‘q
5.3.4 Plart Pararster Charnze ard Senscr MNodga,  To present a Lo
worst case scenario to the adaptaticn rmecnanism, the simglation with -j{
o~
atrupt plant parametar chaniss §s noa e-2foted with tha aziition of )
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X
X sensor measurement noise. The system's performance in this simulation Ef
: :Sj” is very similar to that of the previous one until the last few seconds, 3;
where the closed-locp system develops an instability in the aircraft's 5
responses. The 1instability 1is the result of control surface rate f
4 limiting. This condition is caused in turn by noise induced i
- fluctuations in the filtered parameter estimates, at a time when these é;
? estimates are extremely close to the zero axis. As it was mentioned EE
‘E earlier, the situation Jjust described causes large changes in the Z;:
] control law gains which are responsible for driving the control surfaces Ei{
‘ to their motion rate limits. E;
X To alleviate this problem the simulation s then executed with Ea
4 scaled parameter vector and measurement matrix as described in section Ei
o
‘ 4,4,5. The results are ilustrated in Figures 5-93 thru 5-109. The :%
, -
; . resconses of the closed-loop system are stable and tracking performance ::
- X is maintained as desired. The performance of the ddentification ;3
' aljzrithm is clearly better when scaled variables are used. The fault EE?
detector test signal in Figure 5-101 shcws a prominent peak shortly Ry,
> after the time of the plant dynamics change, indicating unmistakably the Ei
. KR
! occurence of the fault. The parameter estimates themselves exhibit a ?E
significantly smoother behavior (Figures 5-102, 5-104, 5-106, and ::-
)
) 5-1C2), thus the filtered estimates are virtually free of oscillaticns 3:3
. or fluctuations arcund the zero axis. This behavior acccunts for the é?
irpreoved performance of the clcsed-1cop system respcnses over the ones f:
shcwn using the unscaled algorithm, for the level of noise used. ;?{
. The scaled version of the algorithm is azain tssted, this time with Ezi
3 a higher noise level of standard deviation of 0.C0573 deq (cea/sec). R
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Adaptive control law. Plant parameter change and sensor noise.
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Figure 5-101. Fault detector test signal with sensor noise.
(std. dev. = 0.C0181 deg (deg/sec)). Scaled algerithm (SF = 1CC).
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sensor noise. (std. dev. = 0.00181 deg (deg/sec)). ;
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The closed-loop system response still exhibits a satisfactory behavior,
although with noticeably higher Jlevels of flapercn deflection rates
(Figure 5-117). The bursting type of bshavior shown by the flaperon
deflection rate between seven and eight seconds in the simulaticn has
its origin in the fluctuation of the filtered estimate of hyo(kT) cloce
to the zero axis during the same periocd of time. Overall, the
performance of the identification algorithm is gocd with considerably
less noise superimposed on the estimates, although the level of noise in
this simulation seems to be approaching the 1imit for which adequate
protection (against fluctuations close to the zero axis) can be providad
with the scaling used (scale factor = 100 = (1/T)).

To verify if any additicnal beneficts can be obtained with increased
scaling, a simulation was executed with a scale factor of 125. A1l the
responses were identical from those of the simulation done with the
scale factor of 100. A1l of the simulations executed with sensor noise
seen to suggest that additional safejuards are neesCed in the case of

step-response matrices with elements that are very clcse to zero.

5.3.5 Identification of Entire Parameter Vector with Full, and

Reduced Order Models, As a final test of the adaptation

mzchanism, the estimaticn of the plant dynamics is carried cut letting
ail cf the elements of the parameter vector to "flcat" i.e. estimating
a1l the parameters in the vector diference eguation mzdel of Egns (3-9)
and (3-10). This was dcne for a full crder medel (N = 4 ), and reducad
order mecels of third (N = 3) and secend (N = 2 ) order., A1l of the
tests resulted in unstable aircraft raspinses, This 1is because the

parameter estimates undergo large tranmsients, particularly
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Figure 5-111. Fliaht path an3le perfor-anze indes (Cex).
Aczptive control law. Plant paramstzr chinie ard s=nsir noise
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Figure 5-113. Pitch rate tracking
AZaptive control law. Plant parameter ch
(std. cdev., = 0.00573 -
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;; around zero. As expiained before, these transients drive the czontrol 0
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52 R surfaces to their ceflecticn rate limits for too lcrg. This results in >
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an ex<cesive phase laz for the control action, and the encocuntering cf
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urface deflecticns limits. A1l of these facters subsesuently resuit in
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1oss of control of tne cpen-lcop unstable plant.
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The large transients ard the s=z1ingly long convergence time for the
N.‘.;
Ny estimates are mainly thz result of two conditions. First, the larger
t‘i rumser of paramsters to te identified puts additicral demands cn the

level of ercitation regjuired for gecod identifcaticn to take place (see
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! -f\{\

section 3.3). With an excitaticn level smal
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er than the ideal (for the
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estirater will tawe a

- Terger timz to converzz so that it can actcumulatz encugn informaticn
b that allcas the calculzticn of a reascrazl, precise estimate.
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This increase in estimator gain may be appropriate for some parameters,
but excessive for others. In cases when a large number of parameters
are being identified but only a few may be changing significantly, this
action may indeed slow down the identification procedure or cause
unrecessary transients. It therefore seems reasonable to use a "vector"
fault detector scheme that can identify changes in the {individual
elements of the parameter vector. Then, the apprcpriate elements of the
P matrix can be adjusted in a manner proportional to the magnitude of
the change.

To deal with the problem of measurement noise directly, the
identification algorithm can be modified to employ instrumental varibles
(IV) and extended least squares (ELS) techniques (28) that are better
suited to handle noisy data with characteristics different from those of
white Gaussian noise. These techniques include provisions that account
for the shape of th2 noise spectrum, or correlate out the effect of
noise in the parameter estimates thus reducing biases that occur when
the RLS algorithm is used in a "colored" noise envircnment.

Further extensions to this research shculd consicer the
modifications named above, in addition to study problems such as the
identification of non-linear models, command limiting schemes, control

reconfiguraticn strategies, and the use of multipl

14

-m

(9]

del moving bark
estimator techniques (21). It was assumed for this investigation that
the pararsters for the fixed porticn of the difference eguation mode]
(representative of the current flight conditicn) were available in an
““feort to reduce the number of parameters that nesdsd to be identified.

at+izthing prokbabilistic weightings to several models, it may be
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technique 1is 1in progress. The wuse of reduced order models of a '
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! canonical ARMA structure also needs to be addressed as an alternative to
- multiple models scheme proposed above.
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Appendix A
Aircraft Data for State Space Modeis

Tables A-1 through A-3 give the flight parameters, aerodynamic
derivatives, and diference equation models for the flight conditions
used in this thesis. The aerodynamic data was obtained from a
simulation data package program for the AFTI F-16 aircraft, available at
the Flight DOynamics Laboratory's Control Synthesis Branch. The
difference equation models were obtained by taking the aircraft state
space models and generating the tranfer matrix from their discrete time
equivalent representations. This was done with the aid of MATRIX,, and
its model manipulation functions "DISCRETIZE" and "TFORM" (23).

TABLE A-1
AFTI/F-16 Aircraft Data

Aircraft Parameters

¢ (Wing Mean Aerodynamic Chord) = 11.32 ft.
S (Wing Surface Area) = 300 ft2
b (Wing Span) = 30 ft

w (Weight) = 21,018 1bs

Moments of Inertia

Iy = 14,145.68 slugs-ft?
Iyy = 59,596.68 slugs-ft2
1,, = 70,887.00 slugs-ftl
Iy, = 720.00  slugs-ft?
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Table A-2

T T N A e T U e T o T T e o T o L T T VW T L A VT o o LY
\

Aircraft Data for 0.9 Mach, 10,000 ft

T (dynamic pressure) = 825.33 1b/in2

V1 (trim velocity) = 969.66 ft/sec

a7 (trim angel of attack) = 1.4 deg

set (trim elevator deflection)

6f1 (trim flaperon deflection)

-2.36 deg

-2.00 deg

67T (nominal engine thrust) = 5650.445 1b

Longitudinal Body Axis Primed Dimensional Derivatives

-32.1643219 Zy = -.0008136 My = .0002939
-.0157924 Z), = -.0000361 My = -.0005463
44.494278 7, = -2.0883177 M, = 5.5969836
-23.7776337 Zq = .9999598 Mg = -1.0057726 9
-.6077153 7; = -.2098635 M} = -31.939163 by
e A
= 19.4285583 zgf= -.369207% Méf: -9.9644833 4
H
2
.
Y
Difference Equation Model Parameters ﬁ
A
py = [73-9697145 0 | 5, = |-00206579 .00365134, \
= | - \ -_'
| 0  -3.9697145, 1-.3178785 -.0992575. N
p, = |5-90880295 0| 5, - [-0062434 -.0109394 N
| 0  5.00380295 T 1.92689976 .29550238, 3
py = (73.9083623%6 O 5y - -00622259 .01000232 ~
| 0 -3.9085£236 -.9401651 -.2932328
ag - |-9693739519 0 o, - (--002035  -.0036142:
| 0 .9693739519 T 1.31114387 .09698786,
3
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Table A-3
N Aircraft Data for 0.3 Mach, 10,000 ft
g (dynamic pressure) = 100.02 1b/in2
V1 (trim velocity) = 337.56 ft/sec
o7 (trim angel of attack) = 7.7 deg
ser (trim elevator deflection) = -2.05 deg
6f1 (trim flaperon deflection) = 12.46 deg
6TT (nominal engine thrust) = 2538.243 1b
Longitudinal Body Axis Primed Dimensional Derivatives
Xy = -31.8838959 Zy = -.0127706 Mg = .0007531
X, = -.0122359 Z); = -.0002911 M, = .00006
N X, = 17.7885132 7, = -.4893466 M, = 1.7894831
(
Xq = -45.3607635 Zq = .9999136 Mg = -.3870971
X5 = 1.6643476 Zs = -.0770782 My = -3.2519884
e e e .
X5 = -4.29844 Zy = -.0691358 M, = .3253066 e
f f f g
Difference Equation Model Parameters f}
a] = |73-99131 0 g, - |-000768645 00068963 :ﬂ*
0 -3.99131 | - .03246386 .00324069 e
py = [5-97377273 0 6 1-.00230457 -.0020662; w
= i - ! -~
.0 5.97377273. |.097218426 -.0097182, .
py = | 739736152 0 5, - |-002301487 .0020636: s
0 -3.9736152. |-.09704231 .0097143: -z
py = [991152575 0 | g, - |-00076556 -.0006870. <)
- - ’ N
0 .931152575 | 032288744 -.0032368 A
" “:
Y
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In chapter 2 of this thesis we saw how the use of the step-response

matrix ( H(T) ) provides an alternate way of defining the control law

e
Pl AL

PLALPLLY L Py

"
I. s

L AR S Atk o

gain matrices. The use of H(T) also provides a convenient way of

relating these gain matrices to the matrix coefficient By of the vector

y
ey

<, <

difference eguation used to represent the aircraft open-loop dynamics.

.7
5, \{\

g

In order to ilustrate this relationship, it is convenient to consider

R

J W4
p A
: the significance of H(T) and how it relates to the design of the ?;
5 fixed-gain control law.
‘ s -
[ Consic = first the solution of the matrix differential eguation S
f - A
t L X given in Eq (2-1), and the output relationship given by Eq (2-9). For &J
: any arbitrary input, the output response is given by (14:98-102) f;;
i R
: o~
t >
y(t) = C exp(A t) x(0) + j C exp(A (t-7)) B u(-) dr (B-1) fﬁj
0 o
Under the assumption of zero initial conditions for the plant (x(0) = Q, i_ -
y(t < 0) = 0), and with the input held constant between samples by the if
controller, the response of the plant at t =T, for a given u(0) is EEE
’
T e
y(T) =  C exp(A (T-:)) B uw(0) d- (B-23) e
v O '.'..';
= H(T) v(0) (B-2b) L
p e oL
: - ’.:_
! 247 o
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Thus H(T) 1is the matrix multiplier that relates the irput o{(0) to the
output of the plant at t = T.

The open-loop plant may be represented by a vector difference
equation form given in Eq (3-9). For the same inputs and initial
conditions as before, and neglecting the zero mean eguaticn error term,

Eq (3-9) gives the following output relationship at t = T

y(T) = By v(0) (B-3)

If the output in Eq (B-3) is to be the same as that of Eq (B-2), for the
same arbitrary input, we must then conclude that H(T) = Bj.

The question of how H(T) 1ds related to the design of the control
law gain matrices can be seen simply by assuming that B remains
constant between any to given sampling instants, and doing a series

expansion on the matrix exponential in Eq (E-Za) as follows

.
y(T) = C [Oexp(A (T-7)) dr B u(0) (B-3a)
T
o r e AT L BT2 L G r e B u(0) (8-3b)
v 0 . .

For small sampling periods, the contribtuticn of the terms beyond I in
the serijes is relatively small and may be neglected. This lead to the

folowing approximation for the output y(t)

T
y(Ty =C © 1d- B u(0) (B-4a)
0
y(T) = T C B u(0) (B-4b)
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e H(T) = T C B (B-5) g

Recognizing that

o
e 4 a

e

H1(T) = 1~ [C B)°

—
[ev}
1
(@)
~
e e T e 0 ]

-

H(T) can then be used for d=fining the control law gain matrices as

F L

»

'I*

’

shown in Eqs (2-46) thu (2-42).
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. Irplem-ntaticn Cetails ¢f the Recursive ldentif] ion Aigoritrm o
b, - oy
3 [
v: ":.'
:- R
. . . . . R , . s ) R N
ﬁ This appe~dix is dintznZed to suplement the material presented in :c
y
1 chapter 3 of this thesis by providing additicnal cdetails on the N,
3 L
- . . . . o . . . o
- implementaticn cof the recursive icentification algorithm. The first >
8 ~lA
8 N
: section will address ths structure of the difference equation model, N
)

while secticn two will emphasize the actual implementation of various

<
equations in thz algoritn §
o
S
A. Strurnture of tre Difference Eauation Mode) )
ks cescrited in Chapter 3, the difference eguation model used f&f
in this thes3is to repgresent the plant dynamics has its origin in the :gi
ir' transfer rztrix obtainsl frcom the discretized state space model of the ;-.
plant. The transfer matrisc representation leads to the mcdel structure Eﬁi
given in Egn (3-9). In orcder to use the difference eguation in the ﬁ;
estimation algorithm, it must be expressed in the form of Egn (3-10). ;:&
This 1is done by combining all the delayed input-output measurements in ?;
the matrix 717(kT), and ths elements of the parameter matrices Aj; and Eg.
e
Es (i = 1,2,..,0) in the parameter vector c. In forming the pf
parameter vector C we tare advantage of the fact that the matrices Aj
are diagonal, and are of trhe form ai*I (see Appendix A), to reduce the I;i
nurCer of elements nesded in C.  The reason for the form af the ;:
matrices Aj is that the nurbers aj; represent the coefficients of the éz
characteristic equaticn c¢f the discrete transfer matrix. Egn (3-10) %}
. then assumes the form given in Egn (Z-1), which ilustrates the case fer {T‘
3
V.
5
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N a szcond order model, and where the sampling tirz reference iz ' ;:;
. X
L) . . -
. drcpped for notational convenience. A
r - vl
l )
| '_‘..'
1 e
v y1(k) up(k-1) uvp(k-1) 0O 0 & -yy(k-1) - - - Bill,1) '_i\
. o ‘ R A
l- = | hl‘,-’hf I_\.
[: yo(k) ; 0 0 wup(k-1) up(k-1) -yo2(k-1) - - - by(Zl,1. S
’ \ [Ty )
i - fA ;B
1 ) i . : -
: (k-1) (k-2) iay(l,1) -
" f= 5 \ Ve
P ybz(l,l)
v b2 (2,1) &
I b2(2,2) Vo
=T NS
0 PN 1 .
v, EG.,:(I’*> \z:
» ‘.‘\
b .-{-
: ]
(k) e
N el , ks
] + | (C-1) '
. | ! 5 -
{ fz('() I .
>
ALY
AN
The "blark” section of T(kT), underscored by (k-2), simply irzisztss ' 4
-
that the arrangement of dnput-output data underscered by (k-1  is ot
. . .. T
repeated as many times as required by the order of the differerc i
equation. '
To perform the scalar measurement update of the parameter vecitor,
the contribution of each output is added orme at a time. This is din2
assumning that the eguation error terms in Egn (C-1) are statistically [“‘
independent from each other. This is considered a reasonable assuwgticn jlj
sirce the control law uszd produces decoupled output respenses. In that o
case, each output preldicticn and residual is gernerated by taking the !\j
correspending rcw of IT(kT) multiplied by the current estimate of the {g
i o
parameter vector ¢. Tha scalar update of © s then performed e.ery 3:§
time step kT by iterating thrcuzn the estimation algorithn as rmary '\1
o
Oy
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paramsiers
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have not chanz2d arZ & constant

This conditicn means that the same 370

estirstor

is thrown away (s== £3

dencminator of the sezeond tz2om 90 for

-t

ard paramster covariance

expressions replace Egns (3-51) ard

ard are given as folilces

A.' 1 s (T
C 1-1(1’(1—) + ':_{(T}(Tj PW“;( \.)

Pi-1(kT)

Pio(kT) ~5(kTY 5TvT) Fioel

cileT)

(15:82)

ransformaticn that avoids tne sinjularity conditicon.

SO that

ons, i.e. when the

level of excitation
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The update eguaticns Just descrizes are niw in a form more amenzble
for computer implemsntation but further midificaticn is still required.
Kalman-filter-type update eguations like Egns (C-2) and (C-3) are renoun
for having bad numerical properties, mainly because the covariance
update eguaticn may contain differences between two almost egual terms.
Computer roundoff may then detericrate the estimaticn.

It is often more convenient to employ factorization technigues for
the update of the covariance matrixz. A ccmmonly ussd factorization is

kncwn as "U-D factcorizaticn® din which the covariance matrix is expressed

I}
L 3 as follows 1
k'
3
L
]
P(KT) = U(kT) D(kT) UT(kT) (C-6) 1
]
where U(kT) s an upper triangular matrix with all diagoral elements )
. 3
equal to 1, and D(kT) 1is a diagonal matrix. The updating of the :
L

covariance matrix is done by updating the U and 0O fz:t:rs rathar

that updating the P matrix directly. he U-D fazicrizaticon has o

(7

d
numerical stability and enhances the algcrithm's tolerance of rouncoff
errors 710,28,30 ).

Detailed discussions on the U-D algcrithm can be found in references

(10), (28), (30), (41) and (42). Here we sh211 1imit curselves to list a
) segment of the FCRTRAN code used to dmplermont tre parameteor estizate,
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and covariance matrixc upiztes with tnz U-0 aizordicrm, a2 a rolifies oo
weighted Gram-Schmidt ortnczcralizaticn proceiors (Iz, 42) for adlin

the contricution of the falit detectir to tne cC.ariance ratrie upoate,
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Ky
T
N

CJ 26 KNCUT=1,h2.7 !

AYA!
AL

CC 30 I=2,IzNC ! IEn0 = TOTAL # CF PARAMETERS

>

00 30 J=1,I-1

re
Ty S
2’ g

o
wd

(1)

0 UTRAN(I,O) = LTMI(J,1) ¢ CETAIN UT4_q(kT)

'
.'-

M)

F(I) = 0.0 ' EVALUATE Egn (3-£Ca) in (19:89) -
DC 35 J=1,I Dfo= UT§op(kT) 5(kT) 3'

35 F(I) = F(I) + UTRAN{I,J)*GRACMC(J,RECUT) -

G(I) = D(I)*F(I) ! Egn (5-CCo) in (19:

¥e]

) NI
FTPFL = FTPFL + F(I*S(I) 1 Ty/eT) Pyop(kT) - §(kT) .

48]

40 GRD(I) = GRAZMD(I,KKIUT) ;

S - - i e e .
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Call DCELTAD 3RD,U7TH0,D,1800,4,00,12R3) ! Egqn (3-58)

~ <

Cill ALT= 20 FTFTL N, (an T T) ALFeAcnIUT), IERA) ! Ean (3-62)

1] -
SoTa o AT Sha o YRS "
I2TA = 1.0 - Alrri kNIUT )R ] ! Egn (C‘H)

L
,
.

m
rm
-
I
~
[
p—
"

BETALJ-1) + F(J)*G(J)*ZETA

AW LT
' . A

IF (BZTA{J) .EQ. 0.0) THEN ! (19:365-366)
! Update the D(kT) matrix
D(J)

'

i
222,

MIN{CREG,D(J))
ELSE

o
—
[
~
il
W

MIN(CREG, (BETA(J-1)/BETA(J))*D(J)) | Egn (360h)
! in (19:90)

IFf (BETA(J-1) .EQ. 0.0) THEHN
MU(J)

H

0.0 PEgn (5-20 0
ELSE

TN C/AN e TDT A DT A
MUY = -F(J3PIETAEITL -t
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1

IF (J .EQ. 1) THEN

RSN

GO TO 45
ELSE
DO 50 I=1,J-1

UP(I,J) = UTM1(I,J) + V(I)*MU(J) ! Egqn (5-60j) in (19:90)
! Update U(kT) matrix

V(I) = V(I) + UTM1(I,d3)*V(J) ! Egn (5-60d) in (19:89)
ENDIF

CONTINUE

DO 55 I=1,IEND ! Eqn (5-60k) in (19:90)
V(1) = V(I)/BETA(IEND)

v

; ’, :"'-"‘v‘". N

DELPAR(I) = V(I)*ERROR(KNOUT) I Calculate parameter vector
! increment
PARAM(I) = PARAM(I) + DELPAR(I) ! Update parameter vector

"2
Al
.

Calculate 35(kT) per Eqn (3-64) and then ...

DO 68 I=1,IEND ! Add 2 from fault detector
! if fault has occured
BV(I) = B

CALL MWGS(BV,IEND,UP,D,CREG,IERR) ! Use Modified Gram-Schmidt
! orthogonalization procedure

DO 69 I=1,IEND ! Update last U(kT) matrix
DO 69 J=I+1,IEND

AR AN

UTM1(I,J) = UP(1,J)

4 A
e,

CONTINUE | with next measurement update ...

g
v
D

A s
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™ Kkkkhkkkkkhkk kA Ak kkkk kA kA kkkkkkkkkk kX kkhkkkkkkkkkkkkkkkkkkkkkkkkkkkk*
(o
0y SUBROUTINE MWGS(B,N,UP,D,CREG,IERR)
hkkkkkhkkkkkhkkhhkkkkkkkkkkhk kA kA Ak kkk kA kkkkkkkkkkkkkkkkkhkkhhkkkhkkkkkkxx %
e L T L T P e P P e T T e e P P P P eI s e

DOUBLE PRECISIGON W(80,40),UP(40,40),D0(40),0B8(80,TEMP,

* CREG,B(40)

! See (28:333-334)
DO 1 J=1,N

DB(J) = D(J)

= 1.0
00 1 I=1,N

W(I,J) = UP(J,I)
IF (I .EQ. J) THEN

W(I+N,J) = SQRT(B(I))

ELSE

W(I+N,J) = 0.0
Q- ENDIF

1 CONTINUE

D0 2 J=N,2,-1

D(J) = 0.0
DO 3 K=1,2*N

3 D(J)

0(J) + W(K,J)*DB(K)*W(K,J)

it

0(J) = MIN(CREG,D(J))
00 4 I=1,J-1
TEMP = 0.0

00 5 K=1,2*N

5 TEMP = TEMP + W(K,I)*CB(K)*W(K,J)
IF (D(J) .EQ. 0.0 THEN
=
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UP(I,3) = 0.0

g
\"-’\

GO TO 4

o
OhHL LS
x W
- e

v,
>
"’

ELSE

~‘

UP(1,J) = TEMP/D(J)

»

ENDIF

X;

Sl

00 6 K=1,2*N

h )

r
Pl

6 W(K,I) = W(K,I) - UP(I,J)*W(K,J)

]
hY
11\

4 CONTINUE

L s
\ h‘;-

NN

2 CONTINUE
TEMP = 0.0

7L

VoA

DO 7 K=1,2*N

S PV

»
AP

7 TEMP = TEMP + W(K,1)*DB(K)*W(K,1)

1"-

D(1) = MIN(CREG,TEMP)

N
Py

‘\- RETURN
END
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Appendix D

Root-Locus Analysis and Time-response Checks with Regards to Functional
Controlability

Root-Locus Analysis

Early in the design stages of this effort, concerns were
brought up as for the significance and effect on the closed-loop system

behavior of a transmission zero at the origin that leads to functional

s

uncontrolability. To learn more about this condition, a root-locus

LA

analysis of the of the closed-loop system was conducted with the
aircraft model corresponding to mach 0.9, 10,000 ft. This was done by
individally varying the design parameters o1, c2, and p in the

control law, and observing the location of the closed-loop system roots.

R B

To simplify the problem, actuator and sensor dynamics were not included

.
l‘-.
'.\

N
o’
-
»

>,

-

AR IR

in the analysis. A sample of the results js shown in tables D-1 through

D-3. In these tables, Rl and R2 are the fast system roots and R3

b

through R6 represent the siow system roots. R5 and R6 correspond to the

4

Table D-1

-l L) P
AR

Root-locus Analysis, o1 gain sweep (cp = 0.7 , p = 0.8)

)

c1 = 0.4 | . | o1 = 0.7

1.297718

1.297714217864 |.297705241223 |.286779451772
657084 731

.587157197317 ..487207541951 |.298180935417

'.991332424014 1.991908999372 |.991930277332

.6331157328220 ' .993057754613 |.992888911001

.993334853333 939834957308 |,999834958867 |
| 1.0 1.0

0
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Table D-~2

Root-locus Analysis, oo gain sweep (¢1 = 0.3, p = 0.8)

T

3] o2 = 0.4 o = 0.5 g2 = 0.7 op = 0.8
roots
R1 .596920647772 |.497341971943 |.297718585951 |.197827609203
R2 .687308842456 |.687155621738 |.687084484379 |.687070672164
R3 .991843993749 |.991853164897 |.991868119634 |.991874333508
R4 .993793593327 |.993522421431 |.993208391024 |.993108852556
R5 .999847457184 |.999841354479 |.999834953500 |.$99833067057
R6 1.0 1.0 1.0 1.0
Table D-3
Root-1locus Analysis, p gain sweep (o7 = 0.3 , o2 = 0.7)
‘\\\\\\f\\ p = 0.6 p=07 | =08 | »=0.9
rocts : |
R .295710430846 |.296713062375 1.297718585951 3.298727026744
| R2 .685130298700 |.686104281008 |.687084484379 !.688071029587
R3 1993924862324 | 9926898538723 |. 991868119634 990833375662
R4 .995108546177 |.994161375687 .993208391024 . .992245858364
g RS .999840396440 |.999837226695 §.9998349535oo 999833244131
i R6 1.0 1.0 | 1.0 1 1.0

rcots introduced by the vector integrator of the control law.

As

shown

in

these tables,

the

roots

R1

asymptotic values defined by Eqns (2-41) and (4-9) given by

=1 - ¢j
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i=1,2
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The slow roots R3 and R4 approach those of Eqn (2-39) which by virtue of E}
C&; Eqn (2-44) reduces to E
‘-
. g
i =1-T»p i=3,4 (D-2) :ﬁ
b
while the remaining slow roots R5 and R6 correspond to the roots of Egn :
(2-40). In this case, R5 approaches a transmission zero of the plant Eﬁ
Tocated at 0.99982119878, while R6 sits on top of the transmission zero E&-
at the origin produced by the selection of pitch rate as an output E'
quantity. It is obvious that the pole-zero cancelation occuring between :;
the transmission zero at the origin and a pole from the vector 2:
integrator does not allow this system root to be placed arbitrarily. ?‘
This situation renders the system functionally uncontroilable, however, I;
this is to be expected given the kinematic definition used in the :{
‘--.' state-space model of the aircraft. The status of functional '
uncontrolability 1in this example dces not necessarily implies that £3
satisfactory tracking performance may not be achieved, but simply E%
expresses the invariability of the kinematic relationship between the F”
pitch angle and pitch rate responses.  Throughout the analysis, all EE‘
system roots behaved in a predictable way and remained at or within the E&
unit circle as desired. Satisfactory tracking performance can then be }i
achieved provided one considers the kinsmatic vrelationship Just ;3
mentioned when generating the input commands to the closed-loop system. ?
.
B. Tirme Respzonse Chechs E
Another  concern  regarding  the jssue  of  functional S
controlability was wether or not the closed-loop system was capable of ;

g.l. i'l,.l.l“_‘

following independent ccrmand inputs when that cendition s noct met.

.-
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‘ Since the command inputs used throughout this thesis were not the result gs'
4 w of decoupled motion from the AFTI/F-16, it may be argued that these ;:J
signal are "related" to each other and thus not address the situation in ;\

question. To that effect, the command inputs were modified and applied Eiz

to the same aircraft model of part A with the nominal control law design E:l

of chapter 4. The results are given in Figures D-1 through D-32. ;;-

Figures D-1 through D-8 present the case where the flight path angle EET

command is temporarily "clipped" to hold a maximun value of 2 deg. while E;

the pitch rate command remains unchanged. The responses show no 2 ,

noticeable trackingvperformance degradation.

Figures D-9 through D-16 show tHe responses to a flight path command ;i

of 0 deg. while the pitch rate command again remains unchanged. In ;ii

this example, the control law contained no anti-windup provisions. EET

ifh Figures D-9 and D-10 show relatively good tracking performance for the E:
’ flight path angle response. However, the pitch rate response suffers ?'E
from a short period of instability caused by deflecting the flaperon to Ei;

its position Tlimit. The Jlarger control surface deflections are :;'

attributed to the bigger demands on control action imposed by the ;E

decoupled maneuver. Aside from the instances where the flaperon is at EE

its deflection 1imit, the responses exhibit good tracking behavior. 5:;

Thus the condition of functional uncontrolability is not seen as the E:i

cause of the problem. ;iﬁ

The previous maneuver was repeated, this time with the integrator i?

Timiter mentioned in chapter 4. This is to test the effectiveness of %E

the antiwindup protectiun scheme. The results are shcown in Figures 0-17 i;;

throuszh 0-24. These ilustrate that, althousn the flapercn deflecticn F:S




' YOO - S S At i Skt A CAaCA VS N a O 4" N a2 L ath ate" ofie* 2 Mut e oA Ayt
-
2 b
:
2
P N\
b
VB
BE /
-1
-2%
£
-3 - I ! i | ;| [N )
Qe < 4 & 8 19 1z le 16 18 20
TirtE (SEC)
Figure D-1. Flight path angle command and response (deg).
"Clipped" flight path command.
1 —
I SO
n s 1 a € < -0
Figure D-2. Flight path anzle tracking performance index (de3).
“CTippe*” f1izhe path command.
263
D R tR W e T T e
» ) » - APV -(;(J._(. (JL ._A. M.TA.A‘CA.‘X.&.A"'"\.’& LY '. '*."x.'- '”'..{5." ’ RS N

AN R

1“.\- a AA‘A as

AT

Y, e e Th e

ol o 0

LY T

)

.
T

-~




Phithf W of b me

"

Gy NG

N
PRI

PRI

PAV SR 0 LS N

L )
St

G
hy

YIY'[lTYT‘[WYII
\\J
/"“

U
N
Tv—rrlrrrrlryyv

L]
r
s
[+43
o
-
Q
-
t
=
b

16 12 i)

TIrE (=ECH

Figure D-3. Pitch rate command and response (deg/sec).
"Clipped" flight path command.

-~
®;

&

y

{
AR
L

+

/sec).

(Y9}

Figure D-4. Pitch rate track
;

ng performance index (de
"Clipped" flight

bt path ccmmand.

1‘
‘:]

Y
e
.
Y

(g}
ral
1.

4
v
¢

w
5

oo
k-(

:.‘_-\ s._ a.'h\&'-"-"i‘ g

LY
()

oo

Tl T
& Y

(': "u ." 4

LT,

TRt R e e
‘s Y H N

Pk d 4
ILOLS L,

.

A A A

N e T,

" .
‘.

v

P .-
el s e

.y

'

»
v

vor e
L)

LI N A S N b Na 3

LA




¢

-, e
oL, "
“v =

LA

“

N

%

<

- P
NN e N

YTTT] W"W'TT—Y"‘T‘[ rTrvT I Y'W‘Y"T"‘

0
[N
13
m
2]

13 12 14 16 18 20

TIirE (SEZ)

Figure D-5. Elevator deflection (deg).
"Clipped" flight path command.

Tt

. . pats, i oL PG
e ——t ——— e ~ - o = 'A i‘f"'\“‘
- e he 1~ I e ' a
- |
- Lt
‘ . ’

- . 5 3 a 1 ta oG
Figure D . Elevator deflection rate (ce3/sec).
“Clipped" flight path ccmmand.

265
[ AT T AT S S U R I DRI - RERNE RS ~
AT e s e e i v

.A-...
.\.,s,\). '

.-
.l \s

AL
¥

o @

Iy

5 v
(A

X

4

v

15 T P T Ty

1
-

S A@

o oe_ 4

-\. ."‘ .‘" -. *

a,

s e
-

-l..\‘\
l.l

iy

]

P e
* A L]

@ UL
P4

» ‘-,:.

RS
\;‘((fff

@
2
P

N
P

U ""'
ARG

e
b

i, %
v

T
.
.',,'-.l
RN
el
, T S

Y A |
-
P
e



R ) .1.... F AEANSN a s S e Yo s o
_.......... " % ...\...n.. .v....'.-f e ‘ X XA A A ATREN ot B
b ! .-\\\\. Sl L YA AORA S AR AP A AN P A PR L .\...lar.....f...
b,
L
L

1

3

b
b,
g

g

-

, X
”, o S o .
a N T T I - -

', . _ *‘ ot -
3 N ! A A

s ) | — | ,
), > o} ! i N
5 i _\. - .
V& f 7 % ‘ \h F
. : - ! O .
V ] , ' [¢0] .
- 1A . ! Lo w

T._ . — ! , [ ~ .-

. r

P - m% | " ' 0 <,
T - . — i - Z ;
N e i —

w. R - N /\.MM ! Y . .m '..-f
. - i . ! a)

. \ S 0 | ! _ o {1 ?
; e — 2 m i i , m £ .
3 - TE e - . ) :
r- /// o % O ) MA I ~ O K
. ) - , . [ O

b g = ! ‘
4 \\ m +-3 ! ,.. ! .-1 MW k
. - I a3 : [ ! padet

3 v b S 0 ' o Lo ! Oy ]
s - ~ U _ — ‘v .
'. /f/.)(/,l/l m N el B | f - ; ' 4 O .
\- — " S e ; f _ e (V@] .o
E. L “ | : : \Hpu. 82 o8 %
4 - Q ! _ S i K
b

v.\- mdﬁ” , N ! ' 5 F-ll X
w . | il D oo S
. 3 : ' . BIR= -
ﬁ - D , ; (1) >
’ ~ (1 s oM -
"-. 0 ! .D. H {1 -
. ez _, Lo — ~
. ) O , ; ! s .
" 7 ¢ = | i ay =

< 3 | i ! ~.
4 \ oh ) h ]
-. s T o '

Y-. e - b Q

. Y s

b’ I >3

wf- [ 2]

) Jps

[T

4

.

y

'.. o bac o

‘- [} W0 (] )

.,




WK

e St S T )

o

aW.w_ g "

s
3
.
-

~ e v W
Lo,

t

PR A e S e

oy
dNaFau

T ‘Y‘]‘ Y_'_T'T_I—T_Y_T_Y‘“—T—V_T_T_T’Y—T r‘r[ 1T 1""[ TT 1Y

[~

Figure D-10. F14
Flight path coman

- ) v S “w - - - - - - - - - - . -
B AN L

Figure D-G. Frwg tp
Flight path command

=0 deg.

L

a3

13 12

TIi=E (SEZD

angle command and response (deg).
No integrator limiter in control law.

Py

Al
~

[

-"-’-"-f
&/

A 's' ~

n3le tracking performance index (deg)
ho integrator limiter in control law.

2" Y e e

N;‘I,:' LA A AR

-‘u-
e
.D ‘I ‘l ‘l >

RN
S

*

.
]
o
4

LS T e B U
b

T D I J-
P
AP

PN NN VWE
S e

R

“

ft’ll!'
‘l

-‘\"‘\'\' ( ' 'J'l



Axﬂ’v-ﬁff-l}'nkd~-u.--\\k-.\Jmﬂfugxn.cuaﬂ:au-;fu-&;J\winx\.xxiﬁcwwﬂuwmﬂwa

.::: 2 [

' f

.r;'. [

N x |

. J

, [ Vo

-::: Qe /— \\ '.‘\ / '
ot ‘ i

3
4 ! ‘.-
I
V‘frﬁﬁ—f_T—TTT_T_Y_T_‘ T f]‘YP‘TAY*Y_T TTTrTTT )

in 2

\J‘

~3

\J'

o -z ! ' ! ! ! ! '

?' a by 4 5 € 13 12 1 16 1 z
avs “ -~ d 2 s}
®

P TIrE (SECTH

N

NG

A . .

e Figure D-11. Pitch rate command and response (deg/sec).
" Flight path commnad = O deg. No integrator limiter in control law.
\I

L e
o

/I
'
LA

o Figure D-12. Pitch rate tracking performance index {deg/sec).
- Flight path command = O cz3. No intejrator limiter in ccntrol law.

i 263

-’f-"-'\('(-('-”-’-‘-"-’\.'
ATVIN TN A NESTN TN N

o

- v . -
MNTIAS




»,

» e A u’aiets i o 0a® e Son’ Aat et Bet ofies gttt e At 200 M toigfon, 0 fo/d Sttt RACRA SIS SRR A o d YA A -
r
rF_
L
‘ / \
s
L
A
C ! I . ) | )
Q@ < 4 & g 12 12 14 16 12 20

LIRS
LI I Sl )
W

. Tty A aa
Cot s o,

A

AR

TIimE (ST

Figure D-13. Elevator deflection (deg).

Flight path command = O deg. No integrator limiter in control law.

1t

Fig
Flight path comman

WA,

ETAS

ure D-13 cction rate (deg/sec).

grator Timiter in control

Q. v
=

3 )
ct —
(D (T

law.

no
(@]
O

e ERG
.'.'-".' SRR N
L

-
L.

"
STl

DY

LN

RS g

.,

W& FT N

PN
R

-
S

-
LA A

LT s
f e

&
")

-



.7
.

B

< .

~ 19

‘Y‘Yﬁ'y'f—r‘T'Y—‘
e

PN RSN

., 1.' l'. "' »

™

l'll 'A
L
B S B B B B B

ol

Y _'v

2
t)

Fy

o
0
)
-
8]

1a 16 12

3]
(4]

o
o Figure D-15. Flaperon deflection (deg).

'_::. Flight path command = 0 deg. No integrator limiter in control law. !
. ) \]
" LSRN

) e

Y - B S J
N ]
L .
v . - .
.'\ \ .
:\ - i \ :
S | ' \

L

“ T | Lot | '
o z ! nos f i \ :
c- a ;—4_, —_— —_ ol i -~ -

-~ . g N 3 - L

- - -~ N - ¢ A *
-._‘. : / : s o ’// \ 0y

1

o \ T )
2

EN ¢
:ﬁ: - ‘h' )
\:‘ . '

.'c.. o - " G s 1 17 14 16 € < ¢
1:-; Tree mp o .
e . \ - . X
Figure D-1€. Flageron deflecticon rate (deg/sec). "
Flight path command = 0 dz3. No integrater limiter in control law. -
+ 3

‘-f‘, o rm

».":- "

-‘N'

~'4

. e et - .
»

. e e e e Jo e e,
ARSI R R, SRR




LA A

Py s A NN

T 7
ANEAETS AV

|
[ RO S O SV Y

. e}

—
RRASL NN

........,r..f

PP AP INAr R T T D DL P

'
l1i1x _\P\_.L|>

re —

o

g O W . — 1 it Hl—v;rhlr

- r r
1 ' 1

s.n & 0 4
»
LYY

¥]
N

16

s

19

SASSASNT

l\ h , 4 LI 4 y ¢ 0
. * Fhar el A A v . PLENC . ..\.
o

. . s e b B A
RS ‘.-.nu.f..--...-ﬂ.;f-. o ..-.. X ...,..‘.. ....... Sl .
[ e
. —
© . Y
. 2 A | m )
— ; ! L
N - | A®) -
D\-QI | ! —
o | , , I
(\r ‘ | _..HW o
O | NS}
%ﬂm | ! ‘ W P
. a3
W o _ ! a b
5o i AL
Sa i Y
e8] 4+ \ P
o i -
M:I u "T —
- (i)
< O -
c o -
+2 ' M
(1o et ! s e
o k-4 ﬂ ' ﬁ.k 3
«w =z ! rhy
= © i . M
= * : B
O 1 P
(ERPN w ST
< M
Et )
— ! 4+
o § b
1
c O w0
o © ! N &)
ta
S o G orn
o %) | o
no i S
i
0 O -y 02
S oy
—o I
[ T
L v e
. £ |3
~ = * m 1
— Q O
(& (@]
| | .
O e , M«
@ 42 ! 1 F)
— e ) 3
5 2 | oY%
.nlﬂt m 42
K - LT
[, 3
(@3] ™
A and 1 1 ) 1 L 1 i — 1 .M.ﬂv.-w
— , w
Lo i ! i - v
SN
Y
3 LR - z o R

A Al il o et

VY Y VR R XA

[
o~y ¥



LA

r

-

. I ‘

; / ;

r L AU

- A — / k

‘ \ - 5 J

: . , -~ N

t N \\’\ A ‘

: N |

E \ /f // ;

F \»' ~ |

. !

r 1

- |
< 4 & B 14 iz 14 16 1z )

Ti~E (SEDD

Figure D-19. Pitch ra%te ccrmand and response (deg/sec).
Flight path commrad = 0 dej. Ccntrol law with integrator limiter.

S~ ~_~N e~ e o 5 - - ~ 3 - ~a e a0
Fizore T-I0. Pitch rate trat-ing perrivmarre inle. 21 sel)
Wt opath command = 0oass i

Fli

»
2

D
LSS
[NCMOMO

'{ £ .‘ ‘) “-..\‘".I 'l ....-’
A T N

k]

WA d
DI

v

crow
Y

o

]

kR o )
F)

A A4
Pa y

il
.‘.

h]

AL

%

¢

..I.‘-'. s 4
A

by

P

5 %
/

4
Y

W

'.,,5.,,..
Ve

PP

g0 e 4 e

*»

-y

M0
)




*»

. L~
D [ .._
[ [ /

L

- /

4

S
) -
) - /
\ < /

Ty ey

A ___anias
s
l T T‘f1 T_T_T-]"T-TTT_T_T.T_“ IVT‘Y“

a
3]
&
o

Figure D-
Flizht path commard =

" I
L]
[
1
. !
1 . |
AN :
iy
vl fe
h 1~
1
|
.
F .~ A
T2 Lo

‘e

AAR LN AL RNt S O N "

21
0

PSS O e
« e .

e

Elevator deflection (deg).

c¢z3. Control law with integrator limiter.

noh .
® }'I ) ‘lvl"‘ag_ q

‘]”**"ﬂﬁgv Bt T

.

| 3y }l'. !‘

AR Pt

.

: i

N -

AT Zet eIt rate (Ie17sel)
s ~ - - S e myan e oy ] P SN
d. L U de oW ’rv:y‘a..,,x imiter.,

.2
O P T RIS CU RN oy

. At ata
et G L

s}s}:

‘> % v
P

-

s e p 4
P
AT

[N
.

' Yo e

prcr ey R

AN

. '..._,...
SN P o
D LA A
vt P LN B ST
L P e A

PR
hy

s
0

RN ,’.;' -

R R

P

ty Gt !'-

5

"
2
Y

1 4 f'(‘
n
22

3

r rixd
A ;.’ w0

“

e N hd

.




..-....- ANS 9 3 -
AN XV X A\ A -on:-hr-*nt#bl-h-hﬂnl -r’

ion (de3).
integra

t

cfle:
rol Taw with

.
L

Flapercn d
Ceon

o+
2.

\

s

> "

W 3

rLl»IrAEPL wx»,.»\r.rwltL!.rhtlrLL)r U

vl Kl ] v)
(] ] - f4
I 1

Fligsht p
RS

AL,

XS

P ;.-

-
»
-




SO CYEEING DD PNl o o o
PRI 4 TSI FIORIAR A S P A A A A 5, 5
ARhh | JOIRERRERENENNY JL e S ) .f.f-..uc. PYRRP ARSI r\». o ....w.u.m...\......,. ]
.
.
.
'
’
.
‘
, o o .
‘ ﬁ N T e
,/ !
. | .
| _ N, { hr— . Y e
, iy o
, ' /,, b U
; \ L ~ ()
, | . ! ot
! i Qo ™
. , w4
. i _ <™
Y ! [N
; i 2 L1 42
y ! | [Fa R
8 ﬁ { W es
) _ [
4 o ¢
vy 40 .o
"\ e T ¢ . A
e ° 2 W -
o . e - 2
. = <
¢ - s (102
. — e
g o 1 vy e —
2 : P K \
¢ ~— . ,
h ' .«\ 3 .o K
’ , s < W
1 42 A ;
v A PR . - -
h i o s — - o4 [S@) e
) - - thH P 4 .,
v / : IS - ) €3 o
/ o . U
P ' / v 0 - . .
y / o= @ ey -
¢ | w o o .
! 3 3w e
[4 [SRNA ‘e
. I M .-
¥ i : ) N
[ ' ,_ L7 el
N Y It (4T} -
¢ . | - L9
b AN ot Ky
Py | L B
! T A
o ! « OO e Ty ..n
A [ ey o3 g G
7 | Gy iS B [VEe] p
g e ¢ .
h T [an RN .ot .
¢ . O O "
y . 7] ) e
; A | oo ' .
Y N i 3 a0 ISy
; o 4+ A
gl k - | v ™ V-
i ! - Lo .
\ waaadeaarleeraliaaa LP»FPLI»FL‘_...>_ = ,Mrw , »m,.h ...-.
. A 1 1] lod [v] - e 0 re) , — O v,
t ' . o L+ o
¢ o ¥ .
b, a .
.ll
\ .
g e
.
o
7’ '
W
. -n.-
Y )
v :
¢ » : :
B <. o
- r ..
O
"




«
. -
\'n‘ d
LA
. )
* 3A__7 —— e . - - . .. o o o
v
-
N r
[ -
Y < -
N k
g

'~
o

’.
- LI
'
R A § {T‘Y_Y_T_T“Y‘ﬁ‘r‘ﬁ TTTY vy vrovy
(Y

A Figure D-27. Ficch nd resgense (dez/se
corm 3 rator

e Fliszht path co aw with irterra miter, Z
£ .
. & -

[%

“~
-

o~

-
-y R
'~

-, - )

o “ - N .
e .
.'. v

"..

-'. . . ~ - H - - . .- - L3 M 3 :
Figure D-05. Fitor yate frg wfrmg remr o o de Doy g, .
- . ~ - ~ - -~ . * - . . .
Fivor rate commard = 0 Qe ety Tomn Tt Tae ettt Srtoreat o T it

e -o. 3
) L
-t a
.-\ -‘
" S
N ]
N o L 3
\

N -

» J
"
»

o

2,

Nt

E NN N AR NN NS



NN S GG Y WY A AR I Tt e S SRSTLE PR Ll et e S A A Y
T).. AR A S N e o ST ialtd § V..A!.-f-cf-. 'r-.. \f. ' ..-.I\ ﬁ\- o Tela \.-u..-q-. LA ...-,.-..\-.. ..\-.\- .\-, AT N Y ..\..\.,\. S - _ ?.'.nh---qn-J.,-ﬂ.f \W ', u.\.-\.-\...”f\(
T-. -...
3 RS
. "
7
vu S
RS
a \v(
\‘ '
7 N
L 3 cn
K, S
A 4
. e
. [ o ..
[s3) e Y
. ) 40 s 4
> o : - R
. e 5 £ ‘ £ ’
- iy . - -\nﬂ
l,I. — - r— -]
u s
; $- - VN
[ w [®] \ s .
. __ - 4 X
]
S T Mnd M /,
] Phg.Y : 78
! I ™ ) ' M Ta,
. - s Y.
4] -
L] A\u s r I\I
. .t e : .
A. { c +3 . s
. ! \. . S ez Iy
<4 4 ! o— = . \.'
[ | / -
: * . O - 5 >
. : : | —— ) - \l
' | / ¥l H e Ed
| - — . 5
! { &L @] | ! v .
o ! w O © Lo A
! — = S —— N 42 - . 4 .
'3 ~—1= I M.u [ o “ .-.v
- ] - (@) | AR N [N
. - 4+ ) . T30 o4 RP.
| - :
4 | 02 : C -
. Y o A
. — " -9 Y ’
L, w5, . \J
| @ :
- ! s : Y
(&3] MU p)
_ i MM w C »
' ; ug h Ak o) s ..I
G - .
; | I X ’
2 ! { | all o .
: 1 D) T N
Py ! il . o B2 ¢ 'S
o) - w _mu Bl RS .
. " - - T . .
i ” N £ ot A
O ) '
£ . /v A _ v oo
< * - ot qQ) - 1 s
> e .
.N | Z.‘ \ ﬂd Ty ..-.
[ i | (& 1 “ ..(
A , i N\
£ 4
) | ST S B O SR »..»L‘h.vr?»_p..,‘n ) . ..I
P % v 2] i el . ki o B
< v ) ; - @ 8 i e ! : ‘.
. ' i [aW (9 R
v .
‘ ...v-
f ../.
A )
-Q .
N 5
. ...‘...
s .
- ’7, o. o S
. 5 l‘ ., -.-.,
" R
Ay
> *
n , . - - “ aae- - o8 . . e DR RPN o v = s 2 A N



Pl S Pl

AN M - Ll g 4 % 4 AP A R I..v- 4", e v, PSRN PR N
o5& X eree e b Jia o] h) i LA ', ALY DR AN AN A N T I A AL A PP 7 . [T
P A RN RN \-\--.lv;\F\f\F\,L - ......\.. ..\..\.. ares st s ...-...-.\..f.f-.. @ JSy Sl e -,-n-.nn-.r--\-.-f--f\ .-\.\.\-\-\r ’\fn -l
»
%
A
.
q] .
-
o 7
4
Id
.
» s
hJ
.
.l-
. . ’
- < )
* W By, ‘e
§ __ _ . - _ I 40 K 42 .
| N ] — . — L
I — A
Y = g £ P
| -\ o T et ‘ e "
! N — \ m 1 ~ ’
A (| . A
. - %) i i . S
J FO | ~ 2 ..-.
1o -1- . [ e}
, _ o &, DL )
% m i v In ’
} - ‘T w [ Y b
* ! \Nﬂ a2 | . 4 A
. , ! Wk | : he -
i I RS ' —- i { 7 “
g ! / N g | ~ '
. 1 < ,\a | £ LY
"y ) e - 4+ i [ [ Qa2 i
| e Co— AN . 4 e ~
» ,, e 2z A | @ oz ’
: . o
Y I \Yfl 2 —————— | ——— z P
- (S . | — «
» - [ 8] 3 ! m.. oM o
- ; — . | o — ‘
| Ve - — i E b s 5
! ya G- ﬂ M ﬂ 13— [
2, /! ,% o 4 1 . GO .
_ PR w h | _— “»1l — b *
| P ) 42 , — ) N S
. ! - -, [ | 4 = s
s - e - [ LI e p
_ | \ : 28 | 4 B G & @
! ; ’ m. Q o 7 # A | L. VO .
' | , b [a Y * . > . ‘y
A o " —_— g e— — ' I
. | / —_ , M ! (ISR N
A A \ @ L L ; { m ISV
. I W ! { X L own "~
7 i R ' ' €1 ...\
1\ i I N ‘ o Bliam) T
i | W | — Xy
X ! _ 0o A w o g
i ' W [} w Lo - s
\ o | S . , Lo X
f H . } [
. ! , ‘ Mc n . oy ‘e
| ¢ 3 ' A
- [ ! 231y - —— (1T Ry
, | [ LS - . C R
v ! . ! N i w .
) | | I I i & O
i ; i { £ P e *y
h N | . O i tm O s
- | 8] - . ) — 0 S
) N o T e . w
v A b8} *, Q o
4+ . + 5
H L3
s | AA A .M. ' Mnlu -I
b . [ SR [ T S [ [ ot S S S T DR > K ..-
_ 2 a = v . - A . 2 L s
' 3 0 - - . 42 * * had R
i e —
. o a ..v
5
A
.
.
! .
! DA

2 .




S¥. e ae

N NP Tt A A e et t A A"y
.r__:. ('N.r f';l-(‘"f.'- -.’-.’r\"\'w," f\(\f.vr,'.r"f\f\f_-f.'fl-l_ ‘.r'.'(\( . f\'\-f,.f‘-. LA A ‘( S P, -
! L) L L L4 ) - .

reaches its 1imit, in this cccasicn the amcunt of time that the surface
remaing at its maximum deflecticn is cconsicerably less than in the
Tresicus imulaticn. Corseguently, trz aircraft reponses exhibit
impreved  behavicr with rezards to  tre shorter  duration of  the
iostatility, and the go:id tractking performince that follows once the
ccrmanded control  surface deflections fall tack within the given
censtraints for this example.

Finally, the system is tested with the pitch rate command set to O
deg/sec, while the flight path ccmmand is set as in the original
maneuver, Tre integrater Timiter s also used in this simulation. The
aircraft responses for this simulaticn are are presented in Figures D-25
throusn D-32. Trackiny perfcrmance is considered good, despite the
presente of a small trarsient in the pitih rate response caused by a
trief osaturation of tne flacercn deflecticn.

Seratd, these tima respirses dnlicate trnat given sufficient control
slezrt @nd command raneuvers that are within the capazilities of the host
2, the issue ¢f functicnal urncontrelanility (as it applies in this

tresis) doss not pracluces the traceing of cezcupled command inputs.
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